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ABSTRACT

The Late Holocene Evolution of Coastal Wetlands
1In

Argyll, Western Scotland

by
Phillip Angus Teasdale

A detailed geochronological and geochemical study has been undertaken on selected
sediment cores from four lowland coastal marsh environments in Argyll, Western Scotland.
This region of northern Britain has experienced differential crustal uplift and relative sea-level
changes throughout the Holocene in response to glacio-isostatic adjustment. The complex
interplay between land movements and relative sea-level continues to influence the
morphological development of the Scottish coast. The study of lowland inter-tidal
sedimentary environments from this region provides an opportunity to investigate the linkages
between current estimated crustal movements, regional relative sea-level rise and the

evolution of contemporary coastal saltmarshes derived from the record of historical
sedimentation. The four sites are located across a ca.70 km transect extending from the head

of Loch Scridain (western Isle of Mull), across the Firth of Lome to the head of Loch Etive,
(mainland Argyll).

Vertical activity distributions of the natural radionuclide *"°Pb and anthropogenic
isotopes (°'Cs and **' Am) have been measured and are used to assess the depositional history
of marsh sediment accumulation recorded in the four marsh cores. Down-core activity
profiles of radionuclides are only reliable as a means of modelling recent marsh evolution
provided no early-diagenetic (redox) reactions have compromised the historical depositional
record within the marsh sediments. Solid-phase major and trace element down-core
geochemical distributions provide a means of assessing the extent to which post-depositional
(redox) reactions may have influenced the reliability of the radiometric dating methods.
Marsh sediment geochemistry also serves as a useful proxy for identifying compositional

variability over the period of marsh development investigated.



Dating of the Argyll saltmarsh cores indicates that over the period corresponding to
mature marsh conditions rates of sedimentation vary significantly across the study area. At
Loch Scridain an average rate of 1.1 mm yr"' corresponding to an historical period of ca. 130
years 1s recorded. Comparison with estimated rates of regional sea-level rise suggest an
established asymptotic relationship between marsh accretion and coastal forcing, implying
historical crustal stability at this site.

At sites within the Firth of Lorne (Loch Don and Loch Creran) average rates of 2.5
and 3.3 mm yr-' are recorded for the ca. 70 year period to 1995 with a figure of 2.2 mm yr'!

recorded in the marsh core from the head of Loch Etive. These values are well in excess of
estimated relative sea-level rise during the twentieth century suggesting that these marshes
may not yet have reached full equilibrium with sea-level. Microfossil analysis of the Loch

Etive core helps to identify a more complex depositional history with an underlying trend of
marine transgression for the ca. 110 year period of marsh development recorded in these
sediments.

Over the most recent period of marsh development (ca. 5 years) a significant increase
in the rate of marsh sedimentation at all sites is recorded. This signifies the response of these

marshes to a very recent increase in the rate of relative sea-level rise across the region.
Comparison with available storm frequency data indicates that the evolution of these marsh

environments have not been subject to the influence of significant storm activity over the last

in the late Twetieth century. The findings suggest that the more clastic sedimentary

composition of the Argyll marshes results in these inter-tidal areas being extremely sensitive
to changes in coastal forcing (sea-level rise). The implications of recent relative sea-level nise,

current vertical crustal movements and future coastal management are discussed.

Keywords: saltmarsh; radiometric dating; sea-level rise; western Scotland; me; 137Cs:

241 Am: marsh geochemistry; diatoms.
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Chapter One

1.1; Introduction:

Salt marshes are the characteristic halophytic vegetated landforms which commonly
develop within the upper inter-tidal environments of temperate lowland estuaries and other
low-energy coastal settings. The morphological evolution of these landforms is determined

by a complex interaction of processes including:

e movement of relative sea-level

e environmental setting and localized topography

e sediment supply and availability (minerogenic and organogenic material)
e in-situ production of organic material

e human exploitation of lowland coastal environments

The movement of relative sea-level over various time-scales is considered to be the
ultimate driving force influencing the survival or destruction of marsh sedimentary
sequences (Gehrels and Leatherman, 1989; Reed, 1990). This further controls the supply of
sediment to the marsh surface over the diurnal tidal cycle. Sediment accretion can be viewed
as the geomorphological response of the marsh environment to rising sea-levels (Pethick,
1992) which under gradual “steady-state’ rising conditions and sediment availability ensures
marsh survival (Reed, 1990).

The recognition of this geomorphological response mechanism results from work by
Pethick (1981) and other workers (e.g. Allen, 1989, 1990; Allen and Pye, 1992; French,
1993: Allen, 1997; Reed, 1995 Allen, 1997), undertaken in the North Norfolk marshes U.K.

He established the discrete asymptotic relationship that exists between sediment accretion

upon a mature marsh which illustrates how the marsh surface adjusts in response to relative

sea-level (RSL) rise.

Marsh sediment accretion has been examined by numerous other authors from a
large variety of locations within the northern hemisphere where temperate marshes are
numerous in low energy coastal settings (e.g. Letzsch and Frey, 1980a; DeLaune, 1983;
Hatton et al., 1983; Stumpf, 1983; Oenema and DeLaune, 1988; Reed, 1990; Craft et al.,
1993: French, 1993; Jennings ef al., 1993; Keamey et al., 1994; Cahoon et al., 1995; Pye,
1995: Reed, 1995; Cahoon et al., 1996; Cundy and Croudace, 1996; French, 1996; Allen,
1997; Orson et al., 1998; Reed, 1998; Allen, 2000; van Wijnen et al., 2001; Temmerman ef
al., 2003). *
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The responses of these systems to increases in RSL nse, which can lead to marsh
drowning and in many cases landward migration of the inter-tidal prism, have been reviewed

by Reed (1995) and have been the subject of evolutionary based one dimensional models
developed by Allen (1990) and French (1993), (see Chapter Two).

Most of these studies have concentrated on coastal wetland settings where relative
sea-level rise affecting a particular coastal region is also accompanied by land subsidence
due to residual glacio-isostatic adjustment (GIA) of landmasses. This process continues to
influence the coastlines of countries outside the extent of maximum ice-cover following
melting of the Late Quatemary (Devesian) ice-sheets (Morer, 1971; Momer, 1980; Devoy,
1987; Peltier and Andrews, 1976; Emery and Aubrey, 1985; Shennan, 1989; Lambeck et al.,
1990; Lambeck, 1991; Carter, 1992; Jelgersma and Tooley, 1995).

Formerly glaciated coastal regions of the northern hemisphere are areas where
crustal uplift contributes to the present-day neotectonic setting (Peltier and Andrews, 1976;
Mérner, 1980 a; Shennan, 1989, Firth and Stewart, 2000). In such regions intense research

over a sustained period during the latter half of the last century has been focussed to promote

greater understanding of the coastal evolution around these regions (e.g. Fennoscandia,
Northern Canada, Greenland). Such studies have been aimed at elucidating the evolution of
Late Quaternary coastal environments where land/ocean interactions driven by changing
eustatic sea-level and regional crustal emergénce have resulted in a complex history of
coastal development. (Kaye and Barghoorn, 1964; Redfield, 1967; Momer, 1971; Peltier and
Andrews, 1968; Kjemperud, 1986; Scott et al., 1987; England, 1991; Eronen and Ristaniem,
1992; Peltier, 1996b; Long et al., 1999; Rostami et al., 2000; Peltier, 1999; Peltier, 2002a).

Scotland is no exception to such interest and has been the focus of palaeo-sea-level
and vertical land movement investigations for well over a century (Smith, 1997). The extent
and estimated thickness of former ice cover over much of Scotland is considered to have
been less extensive than other for other northern hemisphere regions (e.g. Fennoscandia).
This has resulted in a more subtle GIA process following unloading of the Devensian ice
(Sissons, 1974; Dawson, 1984; Smith et al., 1992; Firth et al.,, 1993; Smith, 1997 and
references therein; Smith ef al., 2000). An extensive literature now exists which documents
relative sea-level changes and crustal movements from around the Scottish mainland (e.g.
Jardine, 1966; Gray, 1972; Sissons, 1972; Gray, 1974; Dawson, 1982; Dawson, 1984; Gray,
1985; Ritchie, 1985; Smith and Cullingford, 1985; Smith et al., 1992; Firth, 1993; Shennan
et al., 1993: Shennan ef al., 1994; Shennan ef al., 1995b; Shennan et al., 1996; Dawson and
Smith., 1997; Smith, 1997; Dawson et al., 1998; Firth and Stewart, 2000; Selby et al., 2000;
Dawson, 2001).
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These studies, employing measurement of geomorphological raised marine features
or bio-stratigraphical dating of raised sediment cores have facilitated the development of a
large database of sea-level index points. From these data reconstruction of relative sea-level
changes around much of the Scottish coast during the Late Quatemary period has been
possible. The geomorphological investigations identify two main coastal landforms
associated with land/ocean interactions over the last ~ 12000 years. These are the Main Late-
glacial shoreline estimated to have formed in late Devensian times, and the Main Post-glacial
shoreline corresponding to a circa mid-Holocene RSL high-stand between 6300-6800 '*C
years BP (e.g. Dawson, 1980b, 1982, 1984; Gray, 1972, 1974, 1975, 1978, 1983; Jardine,

1966; McCann, 1968; Sissons et al., 1965, Sissons, 1972, 1974b,1982,1983).

The area of Argyll around the Firth of Lome represents a coastal region in the
western highlands where land uplift has been greatest relative to that for the Scottish

landmass as a whole. The geomorphological work in this area by Gray (1972; 1974) helped
to develop and prove the hypothesis of the dome-shaped uplift over a west-east transect
across central Scotland in response to ice unloading (Figure 1.1). This research suggests

maximum Holocene uplift centered over the Rannoch Moor area.

The interpretations of these raised marine features is in general supported by the
various relative sea-level curves from many sites around the Scottish coast (e.g. Smith et al.,
1992: Shennan et al., 1993; Robinson, 1993; Shennan et al., 1994a, 1994b, 1995; Dawson et
al., 1998; Smith et al., 1999; Selby et al., 2000). The recent sea-level curve derived from the
work of Dawson et al., (1998) from Islay, western Scotland is shown in Figure 1.2. Little
work of this nature has been done within the Firth of Lome to corroborate the raised
shoreline studies of Gray (1974).

Very little published data exists from western Scotland which considers land/ocean
interaction over historical time-periods. Of the few papers that do exist, the ecologically
based study of Adam (1978) suggests that isostatic uplift may play a significant part n
driving the ecological succession. Although his studies did not include marshes from the
Firth of Lorne study area (Figure 1.1) Adam also highlights other observational factors that
may have influenced the development of coastal wetlands in the Argyll region:

e Generally the areal extent of marsh development is small supporting few
communities (but occasionally many species).

e Unbroken transition across the marshes into non-tidal vegetation with the halophytic
communities dominated by species of Puccinella.

e The quantity of tide-borne sediment delivered to the marsh surface 1s low.

e Marsh sediments would appear to be characterized by a fairly high organic content.
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Figure 1.1: The predicted centre of the Scottish uplift dome identified from geomorphological
studies of shoreline data relating to the Main Lateglacial and Main Postglacial shorelines
aligned from Dunbar to Mull. Note the implied shift in the centre of the dome between Late
Devensian and Mid Holocene times, as yet unproven.
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However, at the time of publication this work further states that very little is known
about the development of these coastal wetlands. This still appears to be the case, with no
published work relating to the morphodynamic evolution of contemporary inter-tidal

marshes from the west coast of Scotland.

1.2: Twentieth century and present-day RSL movements in Scotland

Estimates of present-day relative sea-level movements and rates of crustal uplift

around the Scottish coast are currently determined from two distinct methods.
The first of these is through the development of geophysical modeling techniques

which have been used primarily to simulate Late Devensian and Holocene land/ocean
interaction. Such models combine earth rheological criteria and incorporate the empirically
derived sea-level index points to produce calculated estimations of crustal response to former

ice loading and relative sea-level altitudes relative to present day Ordnance Datum (e.g.
Lambeck, 1991; Lambeck, 1993a; Lambeck, 1993b; Johnston et al., 1998; Lambeck, 1995;

Lambeck et al., 1998; Peltier ef al., 2000; Shennan et al., 2000a; Shennan et al., 2003).

Periodic refinement of these models as more data become available results in a
general improved fit to the empirical data although discrepencies between modeled
estimations and observed data still exist for some areas (e.g. the Morvern and Ardnamuchan
regions to the north of Mull, Smith, 2000).

Holocene crustal uplift patterns are varied with estimations of between 0.5 — 1.6 mm
“C yr'! (Shennan, 1989; Shennan and Horton, 2002) ranging across the peripheral areas of
the Scottish landmass to those where ice cover was considered to be thickest. Lower values
of between 0.2 — 1.0 £ 0.1 mm “C yr"' have also been proposed (e.g. Smith et al., 1993;
1995; Firth et al., 1997). The most up to date refinement of these estimations is shown
Figure 1.3 (Firth and Stewart, 2000).

An important point with regard to these estimations is that the data derived from C
dating of raised sediment sequences are extrapolated to the present day. As such current
estimations of RSL change and crustal movements provide only first estimations of current
relative sea-level movements and land uplift. The second and more routine method is by
direct measurement obtained from tidal gauge stations at locations around the coastline. To
achieve reliable estimates of current trends in mean sea-level key criteria are needed for
improved accuracy. These include records from long established tide-gauges with historical

and verifiable data extending back as far as possible. Ideally, this should be for a period of
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more than 40 years (Douglas, 1991). Best estimations for twentieth century sea-level rise
around northern Britain derived from this approach yield a value of 1.0 £ 0.15 mm yr

(Shennan and Woodworth, 1992). This estimation has recently been revised by Nakada and
Inoue (in press) who calculate an average value of 1.5 mm yr” from six northern hemisphere

tide gauges with long duration records.

1.3: Future predictions of RSL change for western Scotland

Future predictions of RSL rise for the west coast of Scotland are highly problematic
to say the least. This is primarily a function of the distinct lack of long-term tide-gauges

records from western Scotland. Of all the estimations for future predictions one publication

stands out.

In a recent paper Pethick (1999) has examined the Holocene relative sea-level curves
derived from two differing areas of the Scottish coast, namely the north-west from palaeo
RSL data provided by Shennan et al., (1995) and the inner Forth estuary using data derived
from Robinson (1993).At both these sites relative sea-level has fallen over the period 6000

years BP — 1000 years BP and 6000 years BP — 2000 years BP respectively. Following
statistical analysis of these relative sea-level curves, which for north-west Scotland show a
fall in relative sea-level from circa.6.0 m ODN to 1.0 m ODN over this time period, the
author suggests that the rate of sea-level fall may have reduced over the recent past and that
existing rates of residual crustal uplift may now be less than 1.0 mm per annum. Similar
analysis of the inner Forth estuary data reveals that the rate of uplift may be as little as 0.5
mm 1n this region of the eastern coast.

Pethick (1999) extends this analysis by combining the extrapolated palaeo sea-level
curve for the Holocene with the Inter-governmental Panel on Climate Change (IPCC)
predicted sea-level curves for the 50 year period 1998-2048 (Figure 1.1).

‘This analysis of the data reveals that an imminent reversal in relative sea-level
movement is to be expected around north-west Scotland with a mean sea-level rise of 4 mm
yr' estimated for this region over the forthcoming 50 years. For the inner Forth estuary a
similar trend is forecast with a predicted relative sea-level rise of 3.4 mm yr' for the fifty-
year period to 2048 (Pethick, 1999).

The analysis of this data and the predictions arising from this work are supported by
further consideration of the UK tidal station data collected by Graff (1981), cited in Pethick
(1999), for the period 1960- 1980. Interestingly, although quite variable, some records for
locations such as Rosyth and Grangemouth in the inner Firth of Forth and Methil and
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Figure 1.4: Analysis of past relative sea-level changes with IPCC projected increases for the
region of western Scotland. Graphical plots are as follows: A) Best-fit regression of Holocene
RSL change for north-west Scotland (Shennan et al., 1995). B) IPCC predicted sea-level rise
to 2050 AD (Warnick, 1993). C) Best-fit regression to the data in (A) for the period 2000 BC
to 1000 AD extrapolated to 2050 AD. D) Addition of curves -from (B) and (C) to give
predicted change in RSL to 2048 AD (Source: Pethick, 1999). *
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Kirkcaldy in the outer Forth estuary reveal a strong relationship to the predicted 50-year
curves of Pethick (1999).

Pethick (1999) concludes that the earlier tidal data of Graff (1981) would seem to
suggest that certain locations within Scotland situated in fairly close proximity to the centre
of glacial rebound were already exhibiting an indication of the reversal in sea-level tendency

as predicted by this authors later analysis. Some further credence to the suggested reversal in
relative sea-level trend is also provided by Flather et al., (2001) who estimate an average 4

mm yr~ rise for coastlines around north-west Britain over the next 66 years to AD2075.
Current estimates of crustal uplift reflect the time-transgressive nature of glacio-
1sostatic recovery that has taken place within Scotland. If these estimates are reliable a

comparison with recently published predicted estimates of sea-level rise for northern Britain

(Pethick, 1999; Flather et al., 2001) suggest the onset of a similar time-trangressive reversal

in relative sea-level tendency which may already be taking place.

-1

1.4: Rationale for the present study

Previous studies of sediment accretion on coastal marsh surfaces have suggested that
longer-term sediment accumulation on the mature marsh is driven primarily by coastal
focing mechanisms linked to sea-level or hydrological change (Churma et al., 2001; Haslett
et al., 2003). Hence, sediment accretion in these environments may act as a surrogate with
which to assess relative sea-level rise, provided certain morphological/response relationships
are maintained (Allen, 1990; Cundy and Coudace, 1996).

This asymptotic relationship between sediment accretion on a marsh surface and
relative sea-level rise was identified by Pethick (1981) in the North Norfolk marshes of the

UK. This morphological response mechanism has been shown to exist in other marsh
settings  (e.g. Reed, 1990; French, 1993, Cundy and Coudace, 1996; Reed, 1995; Allen
2000). The relationship has also been examined in marshes where tide gauge data of suitable
duration provides a direct comparison between sediment accretion and recent trends in sea-
level nise (e.g. Cundy and Croudace, 1996).

Radiometric dating methods applied to recent coastal sediments provide the basis for
reconstructing the depositional history of substantial depths of inter-tidal salt marsh deposits.
Such methods present the opportunity to assess the developmental history of marsh sediment
sequences over an extended time-frame in comparison to shorter-term marker horizon

experiments. These tend to be limited to periods of less than a decade (e.g. Richard, 1978;
Stumpf, 1983; DeLaune, 1983; Roman et al., 1997).

11
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This study therefore aims to investigate the historical evolution of previously
unstudied coastal wetlands from the Argyll region of western Scotland. In this region of
northern Britain crustal uplift throughout the twentieth century is considered to have
contributed to ongoing present—day relative sea-level fall. In so doing the work introduces
established radiometric dating techniques using natural and artificial radionuclides (*'°Pb,

YCs & **'Am) and other geochemical analyses to develop geochronological models and
estimations of marsh sedimentation over the past 120-150 years.

Measurement of historical recent rates of sedimentation at suitable sites across the
region may, therefore, provide a test of twentieth century RSL rise estimations extrapolated

to the western Scottish coast in the absence of longer-term tide gauge records from the
region. Additionally, such data may also provide a means of assessing current geophysical
derived estimations of crustal uplift, considered by Adam (1978) to have influenced the

development of coastal wetlands within western Scotland.
1.5: Overview of project aims

The use of radiometric dating, utilizing the naturally occurring radionuclide *°Pb,
provides a suitable method for assessing longer-term (120- 150 years) historical coastal
marsh development. In radiometric dating studies using the *°Pb method the use of
alternative/additional methods employing artificial radio-1sotopes (e.g. ¥7Cs and/or **' Am) is
recommended (Allen et al., 1997; Smith, 2000). These techniques can be used to corroborate
1%pp geochronologies providing an independent test of the reliability of this widely used
method (e.g. Cundy and Croudace 1995; French, 1996; Thompson et al., 2001; Dyer, 2002).

Radiometric dating techniques have been shown to be reliable provided no
significant post-depositional re-mobilization has occurred during the historical development
of the marsh sequence. Remobilization may occur as a result of early-diagenetic post-
depositional geochemical reactions and can result in significant modification of the down-
core distributions of radionuclides used for dating purposes. An assessment of the
geochemistry of sedimentary sequences under investigation is therefore of key importance
when implementing radiometric dating techniques. This can be achieved by analyzing the
major and trace element solid-phase geochemical composition of the sediments and
evaluating the redox zonation resulting from the early-diagenetic behaviour of redox-
sensitive elements. Such data can also be used to assess the status of marsh sediments in

terms of trace metal concentrations and levels of contamination over historical time-periods

(e.g. Cundy et al., 2003).

12
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Other techniques can also be employed to reveal information concerning marsh
evolution. Micropalaeontology has been widely applied to the study of contemporary marsh

environments in efforts to assess the effectiveness of biological indicators of salinity
variations recorded within inter-tidal sediment. Of the various microfossil techniques
available, changes in the species assemblages of diatoms within inter-tidal sediments can

provide highly sensitive indicators of the record of sea-level change (Robinson 1993;
Nelson and Kashima, 1993: Shennan et al., 1995; Zong and Horton, 1998; Dawson et al.,
1998; Gehrels et al., 2001; Selby et al., 2001).

This project aims to combine radiometric dating techniques coupled with
geochemistry and diatom analysis to investigate Late Holocene (historical) coastal wetland

evolution within low energy inter-tidal environments in the Argyll region of western

Scotland.

1.6: Summary of research aims

e Implementation of radiometric dating methods to selected coastal sites in Argyll
western Scotland to assess the historical record of sediment accumulation and marsh

evolution within coastal environments characterized by recent/ongoing crustal uplift.

o Assessment of the reliability of the radiometric dating methods via analysis of the
early-diagenetic/redox zonation and controls on the down-core element distributions
within the marsh sequences obtained from determination of major and trace element

geochemistry

o Comparison of the records of sediment accumulation with estimated rates of RSL

rise and crustal uplift for northern Britain during the twentieth century.

e Further assessment of marsh evolution derived from geochemical fluxes of elements
and the use of microfossil evidence from one site for assessing historical

environmental coastal change recorded in the marsh sediments.

¢ Use of the multi-proxy methods to further understanding of marsh sedimentary
processes and the recent coastal evolution of marsh systems in western Scotland and

responses to coastal forcing.

13
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1.7: Format and structure of the thesis

The format of the thesis is structured as follows:

Chapter Two: provides detailed background concerning coastal marsh sedimentary

processes and the mechanisms responsible for the initiation and development of coastal
marsh systems in relation to sea-level movements and coastal forcing. This is followed by an
overview of some of the empirical methods employed to investigate saltmarsh evolution and
the development of conceptual and numerical models used to describe the nature of marsh
coastal dynamaics.

The latter part of this chapter provides an overview of some of the more important
geochemical processes (e.g. early diagenetic post-depositional reactions) that take place
within developing marsh systems and the documented behaviour of major and trace element

components and why these are worthy of study in the context of this research.

Chapter Three: provides an account of the various methods used for the determination of
natural and artificial radioactivity (*'°Pb, *'Cs & **'Am) in the marsh sediments. This is
followed with an account of the laboratory procedures required for determination of major
and trace element geochemistry. Manipulation of obtained raw data is discussed and full
calculation spreadsheets for all aspects of the data are presented in the Appendices.

An overview of the use of diatoms in coastal studies and method of slide preparation
and examination is also presented, with short accounts relating to other field-based work

including instrumental levelling. As a whole this chapter provides detailed overview of the

multi-proxy methodology applied to the Argyll marsh cores.

Chapter Four: constitutes the first of four sections of the thesis which examine distinct
aspects of the results obtained from the various analyses. This chapter focuses upon the
nature of the site locations and sedimentary log descriptions of the marsh sequences. Focus is
also centered on the use of both major and trace element geochemistry as a proxy tool for
assessing sedimentary components and the dynamics of marsh development within the four
sites. At the Loch Etive diatom analysis is used to further understand the development of the
more complex depositional history of this core. Core photographs are included in Appendix
Two with aerial photographs used in the study shown in Appendix Three. Major and trace

element geochemical data is presented in Appendix Four.
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Chapter Five: provides the backbone to the study with detailed geochronologies of the four
marsh cores. These are derived from the use of #'°Pb dating and artificial radionuclides (**’Cs
& *'Am) which are present in the marsh cores as a result of known periods of discharge.
Rates of sediment accumulation over different periods of marsh development are presented
via the different °Pb models providing inter-comparison of this method. These are then

compared with sedimentation rates derived from the artificial marker horizons. Details of all

calculations are presented in Appendix Five.

Chapter Six: provides a concise overview of marsh redox-conditions in the four cores

through presentation and assessment of the down-core distributions of solid-phase redox-
sensitive major and trace elements. This facilitates an understanding of the degree to which

remobilization of key elements has occurred and provides the basis for thorough scrutiny of

any possible influence on the depositional record of radionuclides used for dating.

Chapter Seven: investigates various aspects of trace metal and halide (I & Br) geochemistry

in the marsh sediments and identifies other key geochemical processes that also serve to
influence the down core depositional history within the four cores. Element fluxes to the
marsh surface over time are considered and these data provide additional information
regérding distinct periods of marsh development. Finally, this chapter then explores the
influence of various marsh developmental process (physical and chemical) via the use of

statistical analyses (PCA) in these highly mineralogenic sediments. -

Chapter Eight: summarizes the data from the results sections to provide a composite
overview of the geochronology, geochemical and detrital evolution of the marsh sequences.

The reliability of the radiometric dating methods is given due attention and here the
influence of redox-controlled remobilization of elements is examined with respect to the
depositional record of these radio-isotopes. The chapter is then extended through comparison
of the calculated rates of sediment accumulation with estimated relative sea-level rise during
the twentieth century. In conjunction with geochemical fluxes to marsh surfaces these are
further compared with the record of storm frequency from north-west Britain to ascertain the
possible influence of periods of known storm activity on marsh evolution in Argyll.

More recent sedimentation rates are then compared to predictions of relative sea-
level movement for the forthcoming century and the implications of recent findings are

stressed with respect to future coastal forcing and resulting management options.
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Chapter Nine: highlights the key findings of the research and relates these to previously

published predictions of anticipated coastal environmental change in western Scotland
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Chapter Two

2.1. Introduction;: the definition of a saltmarsh

Coastal wetlands or saltmarshes are ecosystems occupying many highly variable low
energy coastal inter-tidal environments. They can be found within estuaries, lagoons, tidal
inlets and back barrier settings. Indeed, it can be argued that the existing coéstal topography
is frequently the controlling factor governing the position within which coastal wetlands
develop (Reed, 1990). The influence of topographical setting and types of salt marsh
development have been extensively reviewed and characterised by Dijkema (1984, 1987)
who proposed a five tier classification scheme for European saltmarshes with seven sub-

categories based upon the geological, geomorphological and ecological character of these
coastal wetlands. Work undertaken by Pye and French (1993a) reduced this overall

classification to seven distinct types commonly found on Atlantic and southern North Sea

coasts. The differing environmental settings used by these authors for classification purposes

are illustrated in figure 2.1 and consist of the following principal types:

a). open coast (eg: Dengie peninsula, Essex, UK).

b). open coast back barrier settings (eg: Stifflkey marsh, North Norfolk, UK).

c). open embayment (eg: selected areas within the Severn estuary, UK).

d). resricted-entranced embayment settings (eg: Langstone Harbour, Hampshire,
UK; Poole Harbour, Dorset, UK: Loch Don, Isle of Mull, Argyll, UK).

e). estuarine fringing coastal wetlands (eg: Solent estuary, Hampshire, UK; West-
-erschelde estuary, SW Netherlands).

f). estuarine back-barrier locations (eg: Pagham Harbour, West Sussex, UK;
Porlock Bay, Somerset, UK).

g). drowned ria/loch-head environments (eg: Fal estuary Cornwall UK; Loch

Fynne, Argyll, Scotland).

Coastal wetlands exist at the land-sea interface in locations generally sheltered from
high-energy wave action where sediment accumulation takes place. They act as sinks for
fine-grained sediment derived from both marine input and that supplied by hydrological run-
off from adjacent upland areas, (Davidson-Arnott et al., 2002).

18



Chapter Two

(€661 Youal pue 9KJ woyy paidepy) ‘Juswrdo[oAap ysiew uo Aydeidodo) Jejseod
S[QRLIEA JO DOUSN[JUI S} dJeIISN[I 0} SAYSIEW}[es JO UONEOYISSE[O [edl30[jodIowodn) 1° aIngn]

JUdWABQUID

gsurdurj surren)sd (9) dULBIIUI-PIJILIISAI (P)

§ 3 |

A

ATSAANA A Ao

A A i F S
it UL <SR NN

-

& i
. - a o * T
il

yjuswAequid uado (9) JdLLIR(-YdE(q Jseod uado (q) )se0d uado (&)

19



Chapter Two

2.2.The importance of coastal wetlands

The value ascribed to coastal wetlands is inherently dependent upon the perspective
from which they are considered (Doody, 1992). The various interests in coastal wetland
utilization range from industrial/urban development and agricultural practices through to
ecologically based interests such as conservation and ecological importance.

The former concern the practice of reclamation of coastal wetland environments for
food production and building. The latter are inherently interested in preservation issues and
the study of scientifically important ecological systems. To the geomorphologist salt-
marshes offer the opportunity to understand the functioning and response of a unique coastal
morphological system and the relationship/dependence upon other integrated physical and
biogeochemical processes that operate within coastal environments. Relatively recently the
engineering significance of salt-marshes as a natural coastal defence system, which by their

very nature dissipate incident wave energy and tidal current velocities, in the face of
envisaged sea-level rise has been recognised (Green, 1984; Owen, 1984; Hydraulics
Research Ltd, 1987; Doody, 1991).

Coastal wetlands consist of both organic and inorganic predominately fine sediments
often rich in clay particles derived from reworked marine matenial. These fractions of coastal
wetland sediments may be derived from both autochothonous and allochothonous processes
occurring within the inter-tidal environment. Additional allochthonous matenal is delivered
to estuaries via riverine input. Owing to the fine nature of saltmarsh and mudflat sediments
these low energy environments can potentially become sedimentary sinks for particle

reactive trace metals derived from marine sources and those entering the upper estuary
delivered by riverine input. Understanding the geochemical behaviour of sub-tidal and inter-

tidal estuarine sediments has become an important objective for environmental

scientists/geochemists and coastal managers along with conservationists interested in the

preservation of estuarine environments.

2.3: Sedimentary processes in the intertidal zone: implications for the morphological

development of coastal marshes

Saltmarshes occupy a position high within the inter-tidal profile (figure 2.2) and
although generally situated within low-energy locations in parallel with other morpho-
dynamic features within the coastal zone they will evolve as a direct response to applied

energy (Pethick 2001).
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Chapter Two

Generally speaking the composition of saltmarsh deposits consist of two principal
sediment sources. The inorganic fraction may contain a variety of sands, silts and clays with
occasional inclusion of fine/medium gravels as a result of higher energy events influencing
the depositional/erosional pattern of sedimentation. The organic fraction may contain a
variety of different sized material derived from external sources delivered to the marsh
surface by tidal currents and wave action. Additionally, organic material will be present from

the in-situ production derived from the halophytic vegetation growing on the marsh
substrate.

Coastal marsh areas exhibit characteristic geomorphological features (tidal creeks and salt-
pans) unified by low gradients the morphology of which will be directly related to the
prevailing incident energy regime apparent at a specific locality. Such features are
intrinsically linked to the antecedent morphology derived from the fronting mudf{lat. Indeed,
the mudflat environment which occupies a lower altitude within the tidal prism has been

described as being genetically linked to that of the overlying younger coastal wetland
deposits (Allen, 2000).

From the inception of marsh development, characteristic morphological features
evolve as an equilibrium function between the pre-existent topography, tidal/wave energy
regime, available sediment supply, depbsition/erosion threshold and biological productivity,
(Pethick, 1992). The more prominent of such features are the creek and gully networks that
dissect the marsh substrate (figure 2.2 ). The principal function of these creeks and gullies is
to distribute tidal water and suspended sediment (Allen, 2000) and in common with the
fronting mudflat to dissipate tidal/wave energy incident at the marsh edge ( Pethick, 1992).
The engineering significance of energy dissipation across the mudflat/saltmarsh substrate has
recently been recognised as a potential natural defence mechanism in the face of rising sea-
levels affecting many coastal lowlands, (Brampton 1992).

The temporal nature of external forcing mechanisms which influence the
development of salt marshes are two-fold. These are processes which occur over longer
time-scales (hundreds to thousands of years) and those which determine coastal wetland

morphology over shorter-term duration (hourly to decadal) periods (Alien, 2000).

2.3.1: The role of longer-term physical processes

The dominant process that controls coastal marsh evolution over longer-term time-scales 1s

the movement of relative sea-level (Reed, 1990). Relative sea-level may be transgressive or
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regressive and result in morphological adjustment of the inter-tidal area realative to the
movement of the tidal prism when change occurs. Such changes are intrinsically linked to
fluctuations in global climate in particular the Devensian (last glacial/interglacial cycle).
This has resulted in large-scale global sea-level variability with low stands at (circa. ~120m-
140m) correlated with the last glacial maxima (~ 18000-22000 years BP). High stands
during the mid-Holocene occurred as a result of climate amelioration and deterioration of the
vast ice-sheets that covered large areas of the northern and southern hemusphere.
Super-imposed on the general pattern of relative sea-level changes throughout the
Late Pleistocene/Holocene has been the vertical movement of continental land masses which
were formerly depressed as a result of significant ice thickness during the last glacial
maximum. Glacio-isostatic recovery of these landmasses coupled with glacio-hydrotsostatic
processes has significantly influenced the overall pattern of relative sea-level change
recorded from sites that were formerly glaciated and from sites beyond the limit of former

ice cover (see Chapter 1). These longer-term fluctuations in relative sea-level initiate a

morphological/ecological response in order for continued coastal wetland survival.

Under a scenario of regressive relative sea-level change the morphological response
of the marsh will be a seaward movement of the inter-tidal area and possible colonization of
the upper-marsh by less halophytic tolerant plant species. As such the overall position of the
inter-tidal area relative to the tidal frame is maintained.

Conversely under a transgressive scenario the reverse takes place and the marsh will
tend to move landward as relative alteration of the position occupied by the tidal frame
proceeds in this direction. Morphological adjustment will take the form of increased vertical

accretion on the marsh surface and horizontal erosion at the outer edges (Pethick, 1993).
Under such conditions the ecological zonation will also be shifted landward resulting 1n

upper-marsh halophytic plants colonizing marginal areas of coastal habitats formerly
dominated by less saline tolerant species.

The influence of glacio-isostatic vertical land movements along paraglacial
coastlines and the interplay with climatic induced relative sea-level changes will therefore
have been the dominant processes determining the temporal and spatial evolution of coastal
wetlands within such settings. Also of importance over longer time periods and in particular
throughout the Holocene will have been the influence coastal neotectonic movements
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