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ABSTRACT 

The Late Holocene Evolution of Coastal Wetlands 

in 

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 krn 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). 

Verti6al activity distributions of the natural radionuclide 21OPb and anthropogenic 
isotopes (137Cs and 24'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 mrn yf 1 corresponding to an historical period of ca. 130 

years is 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 Lome (Loch Don and Loch Creran) average rates of 2.5 

and 3.3 mm yr-1 are recorded for the ca. 70 year period to 1995 with a figure of 2.2 mm yf 1 

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 rise, 

current vertical crustal movements and future coastal management are discussed. 

Keywords: saltmarsh, radiometric dating; sea-level rise; western Scotland ; 21OPb; 137CS; 

24'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: 

" movement of relative sea-level 

" environmental setting and localized topography 

" sediment supply and availability (minerogenic and organogenic material) 

" in-situ production of organic material 

" 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 geornorphological response mechanism results from work by 

Al Pethick (1981) and other workers (e. g. Allen, 1989,1990; len 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 et al., 1993; Kearney el 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 et 

al., 2003). 
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Chapter One 

The responses of these systems to increases in RSL rise, 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 Quaternary (Devesian) ice-sheets (Wrner, 1971; M6mer, 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; 

M8mer, 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 emergence have resulted in a complex history of 

coastal development. (Kaye and Barghoorn, 1964; Redfield, 1967; Morner, 1971; Peltier and 

Andrews, 1968; Kjemperud, 1986; Scott et al., 1987; England, 1991; Eronen and Ristaniemi, 

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). Ile 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 et 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 et al., 1994; Shennan et 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 geornorphological 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 Quaternary 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 14C 

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, l 982,1983). 

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 in 

driving the ecological succession. Although his studies did not include marshes from the 

Firth of Lome study area (Figure 1.1) Adam also highlights other observational factors that 

may have influenced the development of coastal wetlands in the Argyll region: 

" Generally the areal extent of marsh development is small supporting few 

communities (but occasionally many species). 

" Unbroken transition across the marshes into non-tidal vegetation with the halophytic 

communities dominated by species of Puccinella. 

" The quantity of tide-bome sediment delivered to the marsh surface is low. 

" Marsh sediments would appear to be characterized by a fairly high organic content. 
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recorded in isolation basin stratigraphy from Gruinart, Isle of Islay, Western Scotland. 
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refer to relative sea-level changes recorded from Oronsay (see Figure 1; after Jardine, 
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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. Thýis 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. 
'Me 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 et 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 Morvem 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. 
14C yf I (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 14C yf 1 have also been proposed (e. g. Smith el 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 It 

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 nim Yf 1 

(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 yf 1 from six northern hemisphere 

tide gauges with long duration records. 

13: 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 (I 993). 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 in 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 gn 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 

yf 1 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 yf 1 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 (198 1), 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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Chapter One 

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 yf 1 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- 
isostatic 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. 

I 

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 sca-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 rise (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). 
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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 (21OPb, 
137CS & 24'Am) and other geochernical 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 21OPb, 

provides a suitable method for assessing longer-term (120- 150 years) historical coastal 

marsh development. In radiometric dating studies using the 21OPb method the use of 

alternative/additional methods employing artificial radio-isotopes (e. g. 137Cs and/or 241, km) is 

recommended (Allen et al., 1997; Smith, 2000). These techniques can be used to corroborate 
21OPb 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 radionietric 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). 
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Other techniques can also be employed to reveal information conceming 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 tecbniques coupled with 

geochernistry 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 

9 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 enviromnents characterized by recent/ongoing crustal uplift. 

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 ma or and trace element j 

geochemistry 

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

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

* 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. 
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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 dynamics. 

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 (21OPb, 137CS & 241AM) 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 ftuther 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 21OPb dating and artificial radionuclides (137CS 

& 24'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 21OPb 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) geochernistry 

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 

regarding 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 geochernical 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 stonn 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. 

15 



Chapter One 

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 coastal 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, geornorphological 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 ernbayment settings (eg: Langstone Harbour, Hampshire, 

UY. 4 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). 
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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, 199 1). 

Coastal wetlands consist of both organic and inorganic predominately fine sediments 

often rich in clay particles derived from reworked marine material. These fractions of coastal 

wetland sediments may be derived from both autochothonous and allochothonous processes 

occuning within the inter-tidal environment. Additional allochthonous material 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/geochernists 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 200 1). 
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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 geornorphological 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 mudflat. 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, deposition/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 (Allen, 2000). 

2.3.1: The role of longer-term physical processes 

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

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 hemisphere. 

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-hydroisostatic 

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-terTn 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 fi-ame 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 in 

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 

resulting from earthquake activity. Within seismically active parts of the world sudden and 

severe events resulting in uplift or downthrow of the coastal plain can result in 'drying out' 

or 'drowning' of marsh sediments if they are moved vertically above the limit of the tidal 

prism or submerged. The latter scenario may be as a result of tsunami waves with large-scale 
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erosion of sections of the marsh accompanied by deposition of coarse-grained material 
derived from further off-shore and terrestrial material derived from the action of wave 
backwash. (Dawson, 1994). Other neotectonic influences upon coastal evolution in para- 
glacial settings have been suggested by many authors (Davenport and Ringrose, 1985; 

Davenport et aL, 1989; Ringrose, 1991; Fenton, 1992; Ota et al., 1992 Momer, 1996; 

Troften, 1999; Firth and Stewart, 2000) as a result of re-activation of pre-existent fault 

structures following the retreat of ice from former glacially covered regions. 

2.3.2: The role of shorter-term physical processes: marsh initiation, intertidal 

sedimentation and erosion 

The role of processes acting on shorter timescales than glacial/interglacial cycles and long- 

term neo-tectonic land movements arguably plays a more significant role in the 

moxphological development of coastal wetlands. 
Saltmarsh systems generally experience relatively lower energies in comparison to 

that experienced on open coasts where the existent coastal physiography affords less 

protection from incident waves. The energy influencing coastal wetland development is 

principally derived from the action of tidal currents and generally lower-energy incident 

waves that reach the marsh surface. 
Within estuaries, the initial development of intertidal deposits is intrinsically linked 

to the chemical gradients experienced within the water column during the tidal cycle, the 

interaction with freshwater delivery and sediment supply to the upper estuary where the 

turbidity maximum fluctuates with the trangressive and regressive phases of the tidal cycle 
(Postma, 1972). The fluctuating movement of the salt-wedge and subsequent interaction 

with overlying freshwater results in alteration to the chemical charge associated with elfie 

suspended sedimentary particles (predominately clay material). This results in flocculation of 

clay particles which promotes the settling out of larger agglutinated material (flocs), from the 

water column. 
Deposition of flocculated fme sediment results in the formation of mudflat 

environments, characteristic of many mid-latitude Northem-European estuaries (eg: The 

Wash, Eastern UK; Severn Estuary, Western UK). Sediment deposition occurs upon the 

developing mudflat/marsh surface owing to settling of the suspended material in the water 

column during the period of slack water between the flood and the ebb tide (Stumpf, 1983). 
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Over time the level of sediment built up on mudflats raises the surface elevation 
within the tidal fi-ame (above mean low water; Orson et al., 1985) such that the periodicity of 
flooding and reduction in tidal current velocity permits the colonization of the surface by 
halophytic (salt-tolerant) vegetation. Once established the vegetation further acts to reduce 
tidal current velocities and enhances sediment deposition owing to current attenuation within 

plant canopies, (Lopez and Garcia, 1998). Sediment deposition can also take place upon the 

plant leaves and stems. Such material can be incorporated onto the surface of the marsh via 
washing down from subsequent tidal inundation or rainfall (Boorman, 1988). Stumpf, (1983) 

estimated that approximately 50% of suspended material was deposited upon plants during a 

spring tide. 
Other vegetative mechanisms which influence sediment deposition include the 

nature of plant architecture (Ward, 1976; Van Eerdt 1985b; Allen, 2000) and the role of 

microscopic algae and bacteria Which produce biofilms that are capable of sediment 

entrapment/binding and hence increased resistance to erosion, (Paterson, 1997: Austen et al., 

1999). These in turn provide the necessary inorganic substrate for continued vegetative 

colonisation and sediment accretion (Stumpf, 1983; Pethick, 1992; Allen, 2000). 

At this stage of development the key to steady state survival of the marsh is the 

continued supply of detrital sediment to the marsh surface and the maintenance of a low 

energy environment capable of permitting continued vegetative production and enhancement 

of sediment deposition. The continued interaction between tidal imports, vegetation 

development and sediment deposition result in changes over time to the elevation of the 

marsh surface relative to the tidal frame (Pethick, 1982; Allen, 2000; Reed, 2002). 

At a certain point in time the marsh achieves an elevation relative to the tidal prism 

which results in a gradual reduction in the periodicity of flooding and subsequent sediment 

supply to the marsh surface. Postma, (196 1) introduced the concept of a 'settling lag-time' to 

explain the reduced sedimentation rate witnessed on higher marsh settings in comparison to 

marsh areas experiencing more frequent tidal inundation. 

This further results in vegetative changes owing to the extended period of time when 

the marsh surface is exposed. As such, a distinct vegetative zone can often be identified 

within plants that are less dependent upon halophytic conditions colonising the sedimentary 

surface. Hence, it is often possible to distinguish between low-marsh (immature) surfaces 

and the high-marsh (mature) sections of coastal wetlands (Frey and Basan 1978). 
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2.3.3: Sediment accretion, erosion and sea-level rise 

In section 2.3.2 the influence of fluctuating sea-levels upon marsh development were 
briefly introduced. Although the movement of relative sea-level is indeed the dominant 

process controlling coastal wetland development other physical factors exert an influence 

upon sediment accumulation within the intertidal zone. The horizontal extent of intertidal 

sedimentation will be largely controlled by the extent of the existing tidal range and 

prevailing wind/wave climate. Sea-level rise upon a particular coastline will ultimately 
influence the tidal range which may be expected to vary over time as a result of the interplay 

between topography and sea-level change. 
The vertical extent of marsh growth is ultimately controlled by the interplay between 

these processes and sediment availability. Under normal tidal conditions sediment 

accumulation resulting in vertical growth and elevational change relative to the tidal prism 

will proceed. However, the annual sediment accumulation upon a marsh surface will also be 

dependent upon factors such as storm frequency and sediment availability as well as any 

short-term sea-level rise. 
Storm frequency and intensity have been highlighted by Roman et al., (1997) as 

being major factors controlling the short-term depositional history of saltmarsh environments 

both spatially and temporally. Strictly speaking storms can be viewed as recurring short-term 

physical events the cause and effect of which are to initiate an ephemeral relative sea-level 

rise often resulting in extended periods of morphological change in comparison to the 

forcing agent. Rates of sediment accumulation can be greatly enhanced during storm periods 

in comparison to those that occur during storm-free periods (Roman et al., 1997). 

During storm events enhanced sediment accumulation is likely to occur as a result of 

increased suspended sediment concentration within estuarine waters which leads directly to 

an increase in the suspended load transported to the marsh surface. Stevenson (1998) 

suggests that most of the sediment transported within coastal systems is achieved during 

storm periods. If conditions prevail whereby canopy overflow takes place then this can 

result in an increase of material transported to the back (higher portion) of the marsh 

(Stumpf, 1983). 

Under storm conditions erosion of the lower marsh/marsh cliff environment has been 

highlighted by some authors (eg: Allen and Pye, 1992; Pethick, 1992; Janssen-Stelder, 2000). 

Erosion of inter-tidal sedimentary facies can be varied and result in significant modification 

to mudflat/marsh morphology. Such modification may involve both the export and import of 
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material from the marsh. General features indicative of recent/ongoing erosion are as 
follows: 

e Removal of material from the marsh edge resulting in the formation of cliffed 

edges and development of spur and groove topography extending into the marsh, 
(particularly evident within estuaries with large tidal range eg: Severn Estuary 

UK) 

0 Enlargement of the seaward sections of saltmarsh creeks, as a response to 

increased or existent higher energy conditions and widening and/or deepening of 

salt pans. 

0 Overall deterioration and (in some cases) removal of marsh vegetation leading to 

scouring and general lowering of surface elevation. 

Pethick (1992) observed both a vertical reduction in marsh height and horizontal 

land-ward retreat of up to 5m during a storm event which affected the marshes at the Dengie 

Peninsula, Essex during the period 1987-1989. During the same period the mudflat surface 

exhibited net accretion of approximately 0.5 m (figure 2.3). The interchange of material 

resulted in an overall flattening of the inter-tidal profile. This lead Pethick (1992) to concur 

that coastal wetlands act a's a safety valve within the inter-tidal zone and that modification 

resulting from erosion of the marsh surface and fronting cliff edge is the natural 

geomorphological response to increased energy derived from the storm. From further work 

relating to a study of elevational. change on the Blackwater marsh also in Essex the same 

author postulated that following morphological adjustment owing to storm influence the 

marsh surface elevation would take some 5 years to recover to the pre-storm level (figure 

2.4). This model raises the question that storm return periods of less than 5 years may 

seriously influence the ability of this marsh to recover any vertical height reduction lost 

during such periods. 
It should be stated however that the particular morphological alteration to the marsh 

environment under storm conditions will be dependent upon the type of sediment (ie; 

lithology and texture) from which the marsh is composed (Allen, 1989) and the, location in 

which the marsh has developed. Widdows (2000) has observed reduced levels of storm 
induced sediment accretion upon maturelupper marsh surfaces owing to bio-stabilisation of 
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the fronting mudflat surface resulting in lower suspended sediment concentrations during 

higher energy conditions. 
Overall the processes that lead to sediment import to the marsh surface (ie; tidal 

current energy and that derived from wind/wave energy) are the same processes that also 

export material from the marsh environment. Understanding the interaction between these 

physical processes and the direction of net sediment movement between the marsh and 

mudflat environment are still key questions for the coastal scientific community. 
It has been highlighted within this overview that relative sea-level rise is likely to exert a 

significant morphological response within saltmarsh environments owing to the complex 
interplay between several physical parameters. 

Estimated rates of global sea-level rise over the past 100 years vary within the range 

of 0.5 to 3.0 mm. a-' (Wariick and Oerlcmans, 1990). Such estimations arc derived from tide 

gauges with adjustment performed to remove the effect of neotectonic movements and 

atmospheric/oceanographic forcing factors. 

The long-term geneml response of coastal wetlands to relative changes in sea-level 

were introduced in section 2.2. Under a scenario of rising sea-level however the shorter-term 

response may be quite varied depending upon the interaction of physical processes and 

sediment supply previously highlighted. A common assumption derived from some 

published data is that inter-tidal marshes are able to maintain their vertical elevation relative 

to the tidal framework (Pethick, 1981; section 2.5 below) and that sea-level rise enhances 

sediment accumulation upon the marsh surface (Phillips, 1986). Some interesting 

developments in our understanding of coastal wetland responses to sea-level rise have 

emerged over the past few decades or so. Generally speaking rapid rates of sea-level rise 

tend to be detrimental to continued marsh development whereas slower rates would seem to 

encourage continued marsh development. Orson (1985) has identified three major responses 

in an extensive review of existing literature and recent research. 

Drowning of the marsh surface if rates of submergence exceed sediment accumulation. 

This may occur as a result of inadequate sediment supply as DeLaune et al., (1983) 

report for a marsh in Louisianna, USA. This study revealed that the rates of accretion 

(0.8 cm yr ') were being outpaced by sea-level rise of 1.2 cm yr -'. The predicted 

consequences for the marsh assuming continuation of existing processes and rates of 

change would be deterioration of the marsh environment and conversion of the saltmarsh 

environment to open embayment within a period of 40 years or so. 
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Saltmarshes may remain stable or continue to accrete under steady-state and/or slowly 

rising sea-level. This scenario is dependent upon supply of sediment being equal to or 

even slightly greater than the rate of submergence. Additionally this response will also 
be dependent upon the production of in situ organic matter derived from the growth of 

marsh vegetation. 

Alternatively if sediment supply and marsh vegetative production are sufficient to 

outpace the rate of rising sea-level the marsh may be able to expand. This may be 

possible even under conditions of rapid sea-level rise (Orson, 1985). Letzsch and Frey 

(1980) identify that an increase in tidal range can lead to increased sediment deposition 

as the tidal prism moves land-ward with relative increase in water depth enhanced by 

subsidence (sediment compaction and/or land movement) and rising sea-level. 

Additionally tidal range is considered by Reed (1990) to be an important indicator of 

sediment transport potential. The same author draws attention to the fact that within 

areas with high tidal ranges the marshes present may be less vulnerable to relative sea- 

levelchange. 

Any increase in flooding frequency as a consequence of relative sea-level change will 

also influence the vegetative zonation which is primarily controlled by salinity gradients 

across the marsh surface. Some evidence has been presented suggesting that the survival of 

salt marshes will also be dependent upon the reaction of varying halophytic plant species to 

any increases in sediment shear stresses initiated by increased tidal range (Jansen-Stelder, 

2000). As such the ecological stability of coastal wetlands will also be sensitive to the 

relationship between marsh surface elevation and sea-level rise (Christiansen, 2000). 

2.3.4: Recent sediment accretion and modelling saltmarsh 
&velopment 

Interest in coastal wetland environments and geomorphological development dates 

back to the latter part of the nineteenth century. One of the earliest accounts of peat 

formation relating to saltmarsh accretion was put forward by Mudge (1862) from work 

examining a section of the Romney marsh, near Lynn, Massachusetts. In this account the 

author clearly identifies the concept of higher-marsh environments being able to maintain 

their position during a gradual change in relative sea-level. However, the underpinning 

mechanism he invoked as a physical process controlling marsh development (ie; 
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undercutting of the peat by water currents acting on the diluvium beneath the marine clay) 

somewhat curtailed any further application of these ideas (Mudge, 1862, cited in: McCaffrey 

and T'hompson, 1980). 

Shaler (1885) articulated a contrasting hypothesis derived primarily from field 

observations of Eastern USA coastal wetlands in which he suggested that marsh formation 

occurred during advance of halophytic grass species over mudflats that had become silted- 

up. This implies an early recognition of the concept of marsh sediment accretion. Shaler 
(1885) also realised that sediment accumulation was intrinsically linked to the trapping of 
sediment by the marsh vegetation. Davis (1910) was the first researcher to identify that the 
driving mechanism controlling saltmarsh formation was in fact rising sea-levels since post- 

glacial time. Some years later the key concepts of marsh formation postulated by Mudge 
(1862) and Shaler (1885) were reconciled by Johnson (1925, republished in 1967). 

At around the same time period early work by Yapp et al., (1916; 1917) and Yapp 
(1922) undertaken in the Dyfi estuary, Wales UK developed a conceptual model (the Yapp- 

Johns Model) which in parallel with the work previously described was descriptive in 

character. Such studies permitted the interest in marsh morphological development to 

proceed. The Yapp-Johns Model along with those developed by Mudge (1862) and Davis 

(1910) identified a number of key concepts inherent in coastal wetland evolution. Further 

studies of both the Eastern USA marshes, ( Bloom, 1961,1967; Redfield and Rubin, 1962; 

Bloom and Stuvier, 1963; Johnson, 1967; Redfield, 1972; McCaffrey and Thompson, 1980) 

and the Dyfi estuary marshes, Wales, UK (Haynes and Dobson, 1969; Shi, 1993, Shi et al., 

1995) bear testament to the earlier studies and indicate that many of the postulated 

process/morphological response concepts inherent in coastal wetland evolution are relevant 

to our present day understanding of marsh development. 

Further descriptive-based conceptual models characterising the geomorphological 

and ecological development of coastal wetlands became more prevalent over the past sixty 

years or so (Chapman, 1942; Chapman, 1960; Bouma, 1963; Pestrong, 1965; Beeftink, 1966; 

Pethick, 1969; Frey and Basan, 1978,1985; Beeftink and Rozema, 1988; Pethick, 1992). 

The development of numerical simulation models applied to saltmarsh development 

processes is a more recent addition to the literature. Many of these studies have sought to 

quantify sediment accumulation rates on marsh surfaces over varying time-scales in an 

attempt to resolve the interaction between actual sedimentation, factors that result in 

submergence (i. e. sediment compaction and sea-level rise) and longer-term geological 

processes (i. e. crustal movements). Several methods have been employed in attempts aimed 

at quantifying sediment accumulation rates. 
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On time-scales of a few years the use of marker horizons has been a popular method 
to evaluate recent sediment accumulation. This method is fairly easy to implement and 
involves the spreading of a discernable marker horizon over an area of the marsh surface, 

normally to a depth of a few millimetres or so. Sediment is then allowed to accrete over the 

marker horizon. Measurement of estimated sediment accumulation is achieved by removal of 

short, small diameter cores from the marsh surface at discrete time intervals during the 

period of study. Various materials have been successfully used for this purpose and include 

brick dust (Richard, 1978), aluminium. glitter (Stumpf, 1983) and kaolin ( DeLaune, 1983; 

Roman et al., 1997). Marker horizons of this nature are however susceptible to bioturbation 

(Letzsch and Frey, 1980) and may be completely removed by storm induced wave activity 

over the marsh surface. 
In some studies bamboo canes have been employed to estimate sedimentation rates 

on coastal wetland surfaces. These give a broader-based estimation of sediment 

accumulation (Cundy and Croudace, 1996) owing to the influence of the cane on actual 

sedimentation processes. In a study by Eclanan and Nowell (1984) attention was drawn to 

the effect of plant stems and animal tubes in influencing sediment erosion owing to the 

transfer of fluid momentum to the marsh surface and subsequent entrainment of previously 

deposited material. This transfer of momentum has the potential to remove sediment around 

the base of the cane in contact with the marsh surface. As such misleading results may 

therefore be recorded. 
In other experiments sedimentation plates of differing material have been used in 

preference to marker horizon substrates, for example perforated aluminium metal plates and 

plastic "Feno" blocks (Boorman, 1998) and "wet burst" filter papers (Brown, 1998). All of 

these methods are designed to allow sediment to be deposited on the marker plate which is 

discretely placed upon the marsh surface. In the study by Cahoon et al., (2000) the use of the 

sediment elevation table (SET) permits the actual change in marsh elevation to be evaluated 

more precisely following experimental use and collation of data derived from the marker 

plates. SET's were originally developed in the Netherlands for the monitoring of tidal flat 

environments (van Erdt 1985) and adapted for use within saltmarshes by workers at 

Louisianna Stae University (see Bormans and Day 1993). The essential features of the SET 

and method of deployment are illustrated in figure 2.5. The use of SET's also provides a 

method of incorporating sediment compaction into developmental models which is not the 

case for the studies conducted by Boorman (1998) and Brown (1998). 
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2.3.5: Historical sediment accretion and marsh development 

All the methods discussed thus far for determining sediment accretion only take into 

account current or recent sedimentation. An important area of coastal wetland research over 

recent decades has been the development of methods to more fully evaluate the historical 

rates of sediment accretion. These are particularly useful for investigating the response of 

marshes to historical changes in sea-level derived from longer-term trends or the reaction to 

sudden events such as coastal subsidence following earthquake events. Such methods 
include assessment of geomorphological changes derived from old maps and air 

photogrammetry, investigation of historical geochemical marker horizons, bio-stratigrapl& 

techniques and radiometric dating using both natural and artificial radionuclides (e. g. Pethick 

198 1; Allen and Rae, 1987; Long and Shennan, 1994; Cundy et al., 2000). 

The use of bio-stratigraphical analysis techniques are derived from well established 
longer-term studies of Late Quaternary sea-level change (eg: Tooley et al., 1983; Shennan, 

1982; Gehrels et al., 1996; ). These methods are now being applied with some rigour to 

contemporary coastal wetland sediment sequences (Scott and Medioli, 1978; Zong and 

Horton, 1998,1999; Horton et al., 2000; Gehrels et al., 2001) and hinge upon the 

identification of key microfossils including species of Diatoms and Foraminifera. Statistical 

deterniination of the vertical distribution of these species relative to the tidal frame permits 

good estimation of palaeo-tidal levels derived from modem sediment sequences. These are 

then applied to Holocene palaeo sea-level reconstructions. 

All of the modelling techniques and methods described above provide information 

permitting a distinct aspect of marsh development to be more comprehensively understood. 

However, these techniques are limited to either the longer-term evolution of coastal wetlands 

constrained by radiocarbon (14 C) dating techniques and associated errors (Stuvier and 

Reimer, 1993) or measurement of recent/current sediment accretion rates. 

In many estuarine locations the development of contemporary saltmarsh sediments 

can be witnessed that broadly correspond to the major period of industrialization and in some 

cases historical land reclamation. The measurement of historical sediment accretion rates can 

provide useful data regarding the marsh response to historical sea-level changes induced by 

either climatic fluctuations, geological phenomena (eg: earthquakes Cundy et al., 2000) or 

anthropogenic activities such as estuarine channel dredging. 

Useful methods for the measurement of historical accretion rates can be via 

geochemical determination of defiried reference horizons (Allen et al., 1990; Cundy and 

Croudace, 1995,1996; Callaway et al., 1998; Turner, 1999). However the geochemical 
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Figure 2.5: Conceptual illustration to show the key components of the Sediment 
Elevation Table used in both tidal flat and saltmarsh environments for assessing actual 
marsh elevation change. Also shown is a diagramatic reprcsentatioji of the use of' a 
metal marker plate utlised in studies of recent sediment accretion oil contemporary salt 
marsh surfaces. 
(For a full explanation of the deployment process and method see Cahoon et aL, 1995) 
(Source: Cahoon et al., 2000). 
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approach still requires a robust geochronological control with which such horizons can be 

dated. 

Radiometric dating using determination of both natural and artificial radioisotope 

activity levels throughout a contemporary sedimentary sequence has been demonstrated to be 

a useful and valid approach to such studies. Specific radionuclides have been used in a 

variety of studies and include the natural radioisotope 21OPb (Appleby and Oldfield, 1978), 

and a suite of artificial radioisotopes present in the environment as a consequence of human 

activity including the short-lived 7Be (Clifton et al., 1995), the Plutonium isotopes (238pU, 
239,24OpU 241pU) 241A and (Cundy and Croudace 1996), M (Appleby, 1991) and 137CS 

(DeLaune, 1978). 

The most commonly used radionuclides used for saltmarsh geochronology are the naturally 

occurring radioisotope 21OPb and the artificial isotope 137cS. 

As one of it's principal aims, this investigation attempts to define historical sediment 

accretion rates on saltmarshes located in the Western Highlands of Scotland and employs the 

use of both 21OPb and 137CS 
.A full account of the methodology and geochemical behaviour of 

these radionuclides is discussed in Chapter Tbree. 

2.3.6: Numerical simulation models 

During recent years interest has grown in the development of numerical simulation 

models of saltmarsh morphodynamics and application of these models to improving 

understanding of marsh responses to intrinsically unsteady forcing mechanisms such as 

climate related changes in mean relative sea-level, tidal range and sediment supply (Allen, 

1997). 

Development of numerical models has hinged on the acquisition of empirical field 

based observations (derived from the field experiments previously described) and 
determination/comparison with available tide-gauge data, suspended sediment regime over 

or within vegetation canopies and importantly assessments of sediment autocompaction 
(Lenoard and Luther, 1995; Cahoon et al., 1995; Cundy and Croudace, 1996). 

Initially such data facilitated the establishment of zero-dimensional time-stepping 

models (Allen, 1997) and were developed for predominately mineralogenic marshes in 

meso-macrotidal settings (Figure 2.6). These models are based essentially on a mass-balance 

type approach and describe in essence the change in altitude be this positive or negative 
derived from the measurement of parameters over a defined time period. 
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In the basic simulation model (Allen, 1997), these parameters include elevation 

change over a time period relative to the moving tidal frame (AE), change in thickness of 

both the mineral and organic matter fraction added to the marsh surface (ASmin and AS(,,,, 

respectively) and the change in regional relative sea-level determined from tide gauge data 

(AM, can be positive or negative value). Essentially the mass balance equation is generally 

written as: 

AE =ASj. + AS,,, g - AM 

(AM is positive if sea-level movement is upward) 

Simulation models based upon this mass-balance equation approach are fairly 

simplistic and take no account of processes likely to affect actual elevation change such as 

sediment compaction. However they do provide a mechanism for discerning the accretionary 

status of any particular marsh under investigation. This sedimentary related status (either 

negative or positive) has been further developed by French (1994), (Figure 2.7). Although 

the relationship between accretionary balance and tidal range is considered to be highly 

complex owing to differential sedimentation over the surface of a marsh (Wood et al., 1989; 

French, 1994), the view articulated by Stevenson et al., (1986) and Craft et al., (1993) 

suggesting a more positive accretionary status with increased tidal range is informative. 

Allen (1997) draws attention to the benefit of specifying the various parameters 

within the equation and further states that integration over time provides a mechanism with 

which to consider the development of either youthful marshes or longer-established coastal 

wetland sequences. This approach has also been used in verifying the earlier empirical work 

of Pethick, (1980,1981) which suggested that total sediment deposition rate declines steeply 

as a function of increased marsh elevation (Allen, 1990a; French, 1991,1993). 

Numerical modelling over shorter-time periods (e. g. 1 year) requires an alternative 

strategy of developing a one- or two-dimensional approach (Allen, 1994, Woolnough et al., 

1995). This requirement stems from the significant variation in spatial rates of sedimentation 

over the marsh surface which is influenced by factors such as proximity to marsh creeks and 

type and density of vegetative growth (French and Spencer, 1993; French et al., 1995; 

Leonard, 1997). However for longer-term/historical time periods the various zero- 

dimensional models (e. g. Krone, 1987; Allen, 1990 and French, 1993) do seem to provide an 

acceptable approach to the simulation of marsh evolution despite the fact that at the time of 

their inception these models were rather generalised and exploratory in nature. Additionally 

37 



Chapter Two 

"0 

1--t 

w 

.................................................... 
Extreme tidal height 

........................................................ 

p llý; 

EI IJ 1A 

------- AL- 

00 
00 

00 

#* .0 
p 
c 

EFGH = 
dSorg dM dP 

>0 at- Tt - 7t 

JKLM = 
dSorg dM dP 

<0 Tt - Ti Tt 

ABCD = 
dSorg dM dP 

at- *Tt- -Ft 

Elapsed Time 
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from Viles and Spencer (1995). 
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the mass-balance equations put forward in the models are all based upon the same basic 

principal of a negative feedback between marsh surface elevation and the frequency of tidal 
inundation (Ternmerman, 2003). This has resulted owing to the continued poor 

understanding of the complex physical processes occurring over a marsh surface such as 
flow structure over the marsh platform, the interaction of tidal current velocities with 
differential vegetative canopies and the influence of variable sediment supply and settling 

velocities over a tidal cycle. Despite some intermittent studies in recent years (eg: Stevenson 

et al., 1988; French and Spencer, 1993; Cahoon and Reed, 1995; Boorman et al., 1998; 

Moller et al., 1999; Christiansen et al., 2000), the recent work of Ternmerman (2003) gives 

some insight into possible methods which may facilitate improvement of the existing 

models. 

2.4: Summary of marsh physical and sedimentary processes 

An extensive literature now exists which addresses contemporary coastal wetland 

evolutionary processes. Many of the more recent studies undertaken have focussed upon the 

need to quantify the response of these ecosystems to the threat of rising sea-levels in terms of 

predicting marsh sustainability (Penland and Ramsey, 1990; Gooselink and Sasser, 1995; 

Titus and Narayanan, 1995; Roman et al., 1987; Reed, 1990,1995,2000; Allen and Pye; 

1992; Viles and Spencer, 1995). 

z' - Vertical marsh accretion is the process by which saltmarshes maintain their position 

within the inter-tidal profile relative to the normal tidal prism thus preventing deterioration 

of marsh morphology (DeLaune et al., 1978; Pethick, 1982,1992). Measurement of 

accretion and incorporation of such data into existing models provides a framework for 

understanding the response of these coastal environments to the real threat of rising sea- 

levels. Additional refinement of modelling parameters will be a distinct requirement to more 

fully evaluate relationships between sea-level rise, marsh response and physical sedimentary 

processes occurring on marsh platforms over varying tidal conditions. 

Within paraglacial coastal settings which have been experiencing vertical crustal 

uplift during the Holocene since deglaciation, the -application of sediment accumulation 

measurements and application of modelling techniques will serve as a useful tool for 

assessing future coastal wetland development in such regions. 

40 



Chapter Two 

2.5: Saltmarsh geochemistry and geochen-tical processes 

As coastal wetlands develop a complex sedimentary sequence consisting of 
inorganic and organic fractions displaying predominately fine-grained silts and clay particles 
builds up ultimately forming a marsh platform. The physical processes controlling this 

sedimentary evolution have been highlighted in the previous sections and include discussion 

on the linkages to external forcing mechanisms in particular relative sea-level change. Indeed 

the hydraulic evolution of the marsh platform and depositional setting are primary 

controlling factors on the geochernistry of marsh sediments (Turner, 1999). 

Estuaries represent bodies of water within which significant fine-grained sediment 

accumulation takes place within the sub-tidal and inter-tidal zones. Owing to the large 

property gradients exhibited within estuarine waters estuaries can be viewed as sinks for both 

particulate and dissolved marine inorganic/organic material and that delivered via catchment 
derived transportation. 

Within pristine enviromnents not directly influenced by anthropogenic activities the 

levels of major elements and trace metals in conjunction with other geochemical and 

sedimentary characteristics (eg: grain size; mineralogy & organic content) will reflect the 

natural processes of transport, deposition, adsorption an occlusion taking place within any 

particular estuarine system. Rates of weathering and erosion taking place within a catchment 

area coupled with hydrologically driven mixing, sediment deposition and burial within the 

upper estuarine waters will also influence salt marsh geochemical composition. Tidal 

inundation of saltmarsh environments will increase the potential for sediment re-suspension 

and encourages the development of anoxic conditions at depth in the sediment profile. 

The natural background geochemistry of a marsh soil will primarily be dependent 

upon sediment provenance and sediment dynamics of the depositional environment and will 

be characterised by the diffusion and flux of interstitial pore-water ions that react with the 

soilid phases within the sediments (Lord and Church, 1983). 

Around many estuaries of the world large scale industrial and urban development 

has resulted in alteration to the natural background geochemical signal recorded within 

historical marsh sequences. Such alteration is largely due to increased levels of contaminants 

such as heavy metals, radionuclides and persistent organic compounds derived from either 

direct release into aquatic systems or from atmospheric deposition (Santschi et al., 1990; Fox 

et al., 1999). Such contaminants then tend to be incorporated within the fine fraction of 

estuarine sediments (Cundy et al., 2003). The fine-grained fraction (< 2pm) especially clay 
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minerals and organic matter have been shown to be preferential to the adsorption and 

retention of these contaminants supplied to the inter-tidal zone (Allen et al., 1990; Zwolsman 

et al., 1993; Cundy and Croudace, 1995; Cacador et al., 1996; Cochran et al., 1998). The 

large adsorption capacity of these sediments can therefore result in marsh sediments 
becoming significant repositories for both naturally weathered and anthropogenic 

contaminants. 

2.5.1: Why study marsh geochemistry and geochemical processes? 

The geochernical study of marsh sediment sequences provides a valuable method 

with which to study the historically-integrated fluxes of elements to the marsh surface be 

they natural background concentrations or those influenced by industrial contamination 
(Vallette-Silver, 1993; Gallagher et al., 1996 Cochran et al., 1998; Dyer, 2001). 

Additionally, gcochemical investigations can offer considerable insight into the historical 

nature of the sedimentary record within inter-tidal areas and compliment studies of sediment 

accretion and saltmarsh evolution. 
Where marsh environments have become exposed to increased levels of 

contaminants the possibility of detrimental effects to marsh vegetation are worthy of 

consideration. 'Die-back' of marsh plants may lead to loss of sediment substrate through 

erosion which may be significantly enhanced under projected levels of relative sea-level rise 
(O'Reilly Wiese et al., 1995). This may additionally remobilize pollutants and as such re- 

introduce contaminants into the water column and hence the food chain. This in turn presents 

potential problems in terms of health risks to human beings and detrimental effects to 

estuarine fauna and flora. Remobilization of geochemical constituents may result from 

physical forcing factors (e. g. erosion of marsh substrate) but may also occur as a result of 

early diagenetic processes following burial Allen et al., (1990). 

Where marsh sediments being studied exhibit elevated levels of contaminants and 

within areas exhibiting low levels related to background conditions early diagenctic and 

redox mediated effects on the gcochemical signature arc important to assess and arc of 

interest. 

Additionally, where geochronology is implemented in such studies the effect of early 

diagenetic processes (eg: redox potential, fluctuating salinity conditions, organic content, pH 

and microbial activity) on the radionuclides utilised requires rigorous assessment to account 

for any remobilization of elements that may render the derived geochronology invalid. 
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2.5.2: Early diagenesis and geochemical processes in coastal sediments 

Early diagenetic changes are those that result in the formation of new mineral phases 

or those that chemically alter existent elemental profiles following sedimentary deposition 

and burial. Additionally, alteration to the interstitial pore waters and the water column itself 

can occur through the release of metabolites during organic matter decomposition (Chester, 

2003). 

Berner, (1980) describes sediment diagenesis as 'the sum total of processes that 
bring about changes in a sediment or sedimentary rock subsequent to it's deposition in 

water'. 
Most of these changes are redox-mediated i. e. they depend upon the redox conditions within 
the sediment-interstitial water-estuarine water system (Chester, 2003). 

Salt marsh sediments undergo alternating periods of flooding and exposure to air 

over successive tidal cycles which results in fluctuating redox conditions within marsh soils. 
Redox conditions are themselves largely controlled by the remineralization of organic matter 

under oxic conditions. In the majority of marine systems the main method of supply to the 

sediment surface is via debris deposition. Within salt marsh environments the major input of 

organic carbon occurs beneath the sediment surface through the development of extensive 

rhizome root mats. As a consequence the upper sections of marsh soils are rich in organic 

matter derived from in situ production. Underground root production is considered to play an 
important role in the fluxes of greenhouse gases emanating from the marsh surface and 

comprises a major proportion of the carbon sequestered in salt marsh sediments (Connor and 

Chmura, 2000). 

Organic carbon remineralization normally occurs through the action of aerobic 

bacteria which act as a kind of biological catalyst and result in the overall reduction in 

oxygen concentration progressively down through the sediment column and within the 

interstitial pore waters at depth. Additional loss of oxygen also takes place when reduced 

inorganic species such as N113, Mn2"*, Feý+ and H2S are oxidised. These reactions are also 

biologically mediated and will result in oxygen depletion with increased depth in the 

sediment column (Santschi et al., 1990). The oxidation of organic material leads to the 

formation of zones within the sediment column which exhibit successively more reduced 

conditions with depth. This arises as a result of the consumption of available electron 

acceptors (oxidants) by bacteria in order of thermodynamic advantage (Froelich et al., 1979). 

Through extensive investigations of organic matter diagenesis Frolich et al., (1979) and 

Berner (1980) a sequence of diagenetic reactions has been identified commencing with 
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aerobic metabolism during which oxic diagenesis continues until sufficient oxygen has been 

consumed to drive the redox potential low enough to favour the next most efficient oxidant 
(Lewis, 1997; Chester, 2003). 

As a consequence continued decomposition of organic material will occur as sub- 
oxic diagenesis although within salt marsh sediment facies the decomposition of organic 

matter will be more pronounced in the oxic zone owing to exposure of the upper sediment 

sections to the atmosphere between tidal inundations (Boulegue et al., 1982). Anaerobic 

metabolism will continue the process of organic matter breakdown once the dissolved 

oxygen content falls to extremely low levels or is entirely exhausted and will utilise 

secondary oxidants including nitrate, manganese oxides, iron oxides and sulphate. 

The general sequence of organic matter diagenesis can therefore be written as: 

02 ?: Mn Oxides - Nitrate ?: Fe Oxides > Sulphate > Methanogenesis 

Froelich et al., (1979) point out that the fate of nitrogen may influence the sequence 
described above and suggest that if all the nitrogen in the oxic stage is transformed to N2 then 

the use of nitrate as a secondary oxidant will overlap with the use of Mn02. Additionally if 

the nitrogen is released as ammonia and not oxidized to N2 then Mn02 will be reduced before 

nitrate and result in subtle changes to the early part of the diagenetic sequence (Froelich et 

al., 1979; cited in Chester, 2003). It is pertinent to note that the diagenetic processes do not 

always occur sequentially and that within highly reduced sediments the reduction of sulphate 

is followed by methanogenesis and these processes can occur simutaneously (Oremland and 

Taylor, 1978). The sequence of diagenetic zonation has largely been determined from 

studies of deeper-sea sediments. However it still can be applied to salt marsh environments 

provided due consideration is given to the extended depth of the oxic upper layer which will, 

as previously stated, be in the order of decimetres to centimetres rather than a few 

millimetres (Zwolsman et al., 1993). The general sequence of early diagenetic zonation is 

illustrated in table 2.1. 

Other key diagenetic reactions also take place within salt marsh soils. These include 

the precipitation of Mn2+ and Fe2' as oxyhydroxides within the oxic zone and the reduction 

of Fe and Mn oxides and hydroxides in the post oxic zone. Additionally the formation of 

sulphides will proceed if the anoxic zone is rich in Fe (modified from Allen, 1990; cited in 

Dyer, 2001). 
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Diagenctic Zone rincipal Electron Acceptors 

Oxic ol 

Non-Sulphidic post-oxic M 110, 

(Sub-oxic) NO, - 

F e... 

Sulphidic S04 2- 

Non-Sulphidic methanic col 

Table 2.1: Early diagenetic zonation resulting from the oxidation of organic matter (after Bemer, 

1980 and 1981). 

The development of a distinct diagenetic profile can be indicative ofmature marsh 

soils and the behaviour of redox-sensitive elements within this framework provides an 
indication of the stability of the redoxcline and as such the reliability ofany chemical record 

ofdeposition (McCaffrey and Thompson, 1980). 1 lowever, the presence of a dynamic water 

table commonplace within salt marsh environments may result in significant fluctuations of' 

the redox boundary (Casey and Lasaga, 1987). If this is the case then fon-nation of definitive 

diagenetic peaks of Fe and Mn are likely to be precluded, (Zwolsman el a/., 1993; Cundy 

and Croudace, 1996). Williams et al., (1994) suggest that the position ofthe redox boundary 

can be determined when compared to the frequency oftidal inundation. 

Some discussion of the behaviour of redox sensitive elements In an ldcaliscd marsh 

soil now follows. 

2.5.3: The role of Iron (Fe) 

Fc is present in salt marsh sediments as a result oi'deposition of Fe-bearing particles 

on the sediment surface and their subsequent geochemical recycling following burial. The 

proportion ofthe Fe that reacts with marine sedinictits is the oxidised fraction and typically 

this is known to react most readily with sulphidcs (Kostka and Luther, 1994). This 'reactive' 
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Fe may only represent a small proportion of the total ferric iron present (Froelich et al., 
1979). 

Fe oxyhydoxides are significantly more stable under reducing conditions than Mn and the 

oxidation kinetics of Fe2+ are also generally faster than those of Mný'. As a result diagenetic 

enrichment of Fe within the sediment column will occur at greater depths than the diagenetic 

enrichment of Mn (Zwolsman et al., 1993). Brumsack and Gieskes (1983) have used 

thermodynamic calculations to predict the reduction of Mn4' before the reduction of Fe 3+ ' 

Ilese authors show that the zone of Mný+ reduction is generally situated between the zone in 

which reduction of nitrate occurs, i. e. within the oxic zone and that in which sulphate 

reduction takes place i. e. under anoxic conditions. 
In the schematic diagram of Froelich et al., (1979), (figure 2.9), dissolved Fe2+ is 

produced within zone 7 as a consequence of ferric oxide reduction and the oxidation of 

organic carbon. The dissolved Fe then tends to diffuse upward through the interstitial pore 

water where it is consumed at the top of zone 7. Only a small proportion of the total Fe in 

sediments is mobile which may be due to ferric oxyhydroxide coatings on the surface of the 

mineral lattices. Reactive Fe in the solid phase has a pronounced effect upon salt marsh soil 

geochemistry and that within deeper ocean sediments and determines the formation of pyrite, 

release of phosphates and the sequestering of trace metal concentrations (Kostka and Luther, 

1994). 

The rate of diagenetic reactions involving Fe and Mn solubility are much faster than 

processes such as diffusion and mixing resulting from bioturbation and are also responsible 

for changes in redox potential (Eh), (Brumsack and Gieskes, 1993). 

2.5.4: Manganese (Mn) 

Both manganese and iron are dominant participants in the bacterially driven aquatic redox 

processes (Dyer, 2001). Manganese oxyhydroxides are deposited on the marsh surface as 

mineral coatings and are then buried as sediment accumulation takes place (assuming +ve 

accretionary status, section 2.3.5). In figure 2.8. a schematic representation of Mn and Fe 

remineralisation is shown. At the point at which the deposited sediment passes through zone 

4 Mn02 is reduced to Mný+. The Mn2+ then diffuses upward through the sediment column 

where it becomes oxidised and re-precipitated. The zone at which reduction takes place i. e. 

zone 4, will migrate upward through the sediment sequence at the same rate at which 

sediment accumulation is occurring. As new sediment is deposited any new Mn02 passing 
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into zone 4 will be remobilized in the same manner. This results in a type of sedimentary 

trap within steady-state systems in which Mn becomes sequestered within the sediment 

column and subsequently concentrated into a layer highly enriched in Mn situated in narrow 

zone at the redox boundary (Lynn and Bonatti, 1965; Froelich et al., 1979; cited in Chester, 

2003). 

McCaffrey and Thompson, (1980) suggest that a strong diagenetic processes is 

responsible for the occurrence of a maximum peak in dissolved Mn occurring below a solid 

phase peak in Mn involving reductive dissolution of Mný' and re-oxidation of Mn2+. The 

resulting pore water and solid phase profile is shown in figure 2.9. 

2.5.5: Sulphur (S) 

Sulphate ions found within offshore marine sediment interstitial pore-waters are 
Iggely derived from the overlying water column. The supply of sulphate ions to salt marsh 

pore waters occurs during periods of tidal inundation. Sulphur atoms have the capacity to 

undergo many oxidation state changes (over an eight electron shift) and to form a large 

variety of chemical compounds. This results in sulphur being intimately involved in a large 

number of biogeochemical reactions (Lewis, 1997). Within marsh soils the key chemical 

reaction sequence of interest is the role sulphur plays in catabolic enzymatic processes. 

Baterially-catalysed reduction of sulphate ions under anoxic conditions releases energy 

utilised in metabolic processes and results in the production of hydrogen sulphide (H2S), 

Sulphate reduction normally occurs beneath the zone of Fe reduction in anoxic sediments 

and the production of H2S is usually accompanied by production of associated metal 

sulphides (e. g. FeS). The measurement of sulphate ion reduction rates have demonstrated 

that pore water distribution of sulphate ions within marsh sediment sequences are only a 

reflection of the net outcome of diagenetic reactions (Tbamdrup et al., 1994). Additionally 

the variable predominance of different sulphur species in marsh pore waters also dictates the 

distribution of authegenic mineral phases. Of these phases the formation of pyrite represents 

the only thermodynamically stable iron and sulphur compound present in marine sediments 

(Berner 1967). Pyrite formation also ultimately controls the sedimentary burial of these 

minerals in salt malsh sediments (Cutter and Velinsky 1988; Lewis, 1997). 

A number of studies have been conducted to explore the mechanisms responsible for 

pyrite formation within salt marsh sediments (Nedwell and Abraham 1978; Howarth, 1979; 

Howarth and Teal 1979; McCaffrey and Thompson 1980; Luther et al., 1982; Lord and 

Church, 1983; Giblin and Howarth, 1984; Luther and Church, 1988). Some of these studies 
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Figure 2.9: Diagrarnatic representation of Mn solid and aqueous phase 
remobilization within deep ocean sediments under steady state conditions. 
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have concluded that two forms of pyrite are generally present within the inter-tidal 

sedimentary environment. These are single crystalline Rickard (1975) and framboidal pyrite 

which have also been empirically investigated by Bemer (1970) and Goldhaber and Kaplan 

(1974). In the earlier study of Berner (1970) the mechanism for marine pyrite formation 

involves the reaction of iron monosulphides (FeS) with elemental sulphur and/or 

polysulphides present in the sediment matrix or the interstitial pore water. The general 

reaction scheme can be described as a sequence intrinsic to that of organic matter synthesis. 
This takes the form of bacterial reduction of sulphate, reaction of H2S with Fe3 minerals 
forming Fe monosulphides such as mackinawite (FeSO. 94) and greigite (Fe3SA followed by 

the reaction of iron monosulphides with elemental sulphur to form pyrite. Under such 

reaction conditions crystallisation of pyrite as framboidal microspheres takes place and may 

take several years to complete despite abundant concentrations of sulphate ions. 

The later study by Goldhaber and Kaplan (1974) suggest that there may be two 

mechanisms favourable to pyrite formation which operate under differing geochernical 

conditions. Experiments conducted by these authors concluded that direct precipitation of 

pyrite may be possible through the reaction of Fe2 minerals with polysulphides. 

2.5.6: Iodine and Bromine (I & Br) 

The geochemistry of the halogens within marine sediments is of particular interest 

owing to the association of these elements with marine organic matter (Price and Calvert, 

1977; Upstill-Goddard and Elderfield, 1988). The particular ratio of either halogen in 

surficial marine deposits will be largely dependent upon the nature of organic matter and the 

oxidation status of the sediment (Lewis, 1997). ' Many marine organisms, in particular 

plankton, are known to concentrate both iodine and bromine to markedly higher levels than 

either marine or terrestrial plants (Upstill-Goddard and Elderfield, 1988). 

Estuarine environments are characterised by mixing of terrigenous catchment 

derived organic material and that derived from marine sources. As such estuarine sediments 

may often display halogen/organic carbon ratios that are much lower than those from sites 

further off shore. Previous studies have indicated large variations in Br/C,, rg ratios from 

different geographical locations however, the ratio at any particular sample site tends to be 

quite constant. ten-Haven et al., (1988) point out that this is not the case for all estuaries. 

Some examples of typical I/q., g and Br/C,, rg values for various nearshore and estuarine 

surficial sediments are presented in table 2.2. 
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Both iodate (103-) and iodide (F) species of iodine are associated with the rcdox 

geochernistry of this element. Within the oxic and anoxic zones ofinarinc sediments 103 and 

F will exhibit distinct and prominent enrichment in either ofthese geocheinical environments 

resulting from remobilization within the sediment colunin (Thompson cl al., 1995). 

Conversion of iodate within sediment pore waters to iodide takes place at p] I-8.1 and pF of 

10.5. This is slightly below the pE value for the reduction ofnitrate in the oxic (upper zone). 

Iodine is therefore used as both an clectron acceptor and donor during stages of organic 

carbon remineralization (Shimmield and Pederson, 1990). The oxidation status ot tile 

sediment exerts a strong influence upon the relationship between iodine concentrations and 

levels of organic carbon (Price and Calvert, 1977). 

Geographical 
I/ Corv Br / Corg Study Reference 

Location 

Barents Sea 380 120 Price cl a]., (1970) 

Namibian Self 20-250 40-130 Price and Calvvii ( 1977) 

Panama Basin 50-395 146 Pederson and Price (1980) 

Various Continental 
265 131 Shimmield and Pederson (1990) 

Margins 

f, och Etive, 160 180 Malcolm and Price (1984) 
Scotland 

Tamar Estuary, UK 20-65 5-35 Upstill-Goddard and F Iderficld (1988) 

'Fable 2.2: Reported values for I/Corg and Br/Corg ratios in surf Icial marine sediments from various 

geographical locations. (Units are ppm halogen / wt, ON, organic carbon, modified from Lewis 1997). 
4ý 

The redox geochernistry of bromine is far less complicated owing to the I, act that 

bromine only exists with an oxidation status of 1. This results in bromine being largely 

unsusceptible to redox-mediated speclation changes and commonly bromine profiles within 

marine sediments tend more closely resemble the pattern of organic carbon distribution 

(Lewis, 1997). 

The physical and chemical mechanisms governing the binding of both iodine and 

bromine to organic material are still poorly understood and very few published works exist 
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that explore these processes. Of notable exception with regard to bromine is the study 

undertaken by Harvey (1980) who used a series of chemical extractions to ascertain that 

bromine exists in a variety of water-soluble and organic-soluble states within marine 

sediments. Francois (1987) showed that humic substances can reduce iodate to electropositive 

species including HOI and 12. These are then able to substitute onto the organic molecules. 
Work by Price and Calvert (1977) indicated that iodide-bearing solutions were not taken up in 

significant quantities by organic-rich material from experiments conducted using reduced 

sediment conditions. 
However in the same study these workers postulate that hypoiodous acid and 12 can 

be produced from I' during oxidation by iodine oxidase which is an enzyme present in the 

early degradation products of marine plankton ( Price and Calvert, 1977). This enzymatic 

reaction requires the presence of free oxygen and is thought to be absent in reducing 

conditions within marine sediments (Shimmield and Pederson, 1990). These authors further 

concluded that the predominance of either 103- or I' within the marine sediments studied is 

dependent upon the oxidation status of the interstitial pore waters. As such any enrichment of 

iodine within the organic fraction will be entirely due to redox-controlled sorption processes 

(Shimmield and Pedersen, 1990). 

From studies conducted thus far observed exponential decline of I/C., g with depth is 

fairly commonplace (e. g. Pedersen and Price, 1980) and is indicative of the preferential 

release of iodine under microbial decomposition. Redox-zonation within marine sediments 

can influence the relationship between I to Br and sorption of these elements onto C,,, g 

(Thompson et al., 1995). A less dramatic decline and in some cases an increase in the Br/C"rg 

ratio with depth appears to be typical of continental margin sediments as reported by Price 

and Calvert (1977). This would seem to indicate that bromine is more strongly bound to the 

organic carbon components of these sediments than iodine. Further enrichment of bromine at 

depth may be as a result of degradation and loss of organic carbon relative to bromine causing 

a residual enrichment effect (Mayer et al., 19 8 1). 

2.5.7: The influence of coastal wetland vegetation on marsh geochemical processes 

Salt marsh vegetation typically ranges across the marsh surface in response to 

salinity gradients largely determined by marsh platform altitude relative to the tidal frame, 

seasonally mediated rainfall, rates of evapo-transpiration and solute exchange within the 

sediment. Rainfall has been suggested as being as important as tidal flooding in controlling 

the surface water composition for much of the year in some locations (Casey and Lasaga, 

52 



Chapter Two 

1987). The vigour of marsh plants will also be controlled as a function of seasonality 

resulting in variation in growth and decay rates. Decay of organic material is also enhanced 
by direct exposure of the marsh surface to atmospheric oxygen over the tidal cycle. 

In many salt marsh environments the bulk quantity of organic matter is produced 
below the surface as a consequence of root/rhyzome growth. This variability in organic 

matter production and decay is accompanied by variation in the oxidative capacity of 

sediment pore waters which surround the plant roots owing to seasonally regulated 
photosynthetic activity of the halophytic plant communities. As a consequence of these 

processes rates of sulphate reduction tend to vary significantly over depth and time (Lord 

and Church 1983; Howarth and Teal 1979). 
The presence of salt marsh vegetation within the sediment sequence provides a 

mechanism which enables atmospheric 02 to enter the marsh soil. An additional source Of 02 

is also derived from the root-mass of the vegetation whereby oxygen is directly injected into 

the soil structure. These biologically mediated processes result in distinct influences to the 

geochernical signature recorded within salt marsh sediments. 
A notable consequence is an increase in the depth to which the upper oxic layer 

extends. This can be several orders of magnitude greater than that recorded within other 

(deeper) marine sediments. Zwolsman et al., (1993) identified an increased depth of the oxic 
boundary in marsh sediments of the Westerschelde estuary, Netherlands in the order of cm - 
dm compared to deeper ocean sediments which are typically in the order of only a few 

millimetres. 
In more sandy coarser-grained sediments this depth can extend to 40 cm (Williams 

et al., 1994). The increased depth to which the oxic zone has been shown to extend within 

salt marsh soils has implications for the diagenetic signals of Fe and Mn. These key 

indicators of the redoxcline can have peaks that are also separated by several centimeters 

indicative of the differing redox conditions between salt marsh environments and other 

marine sediments. 
The depth of the oxic boundary can also be influenced by seasonally controlled organic 

matter production with increased oxygen levels penetrating the marsh soil during warmer 

periods when photosynthetic processes are elevated (Williams et al., 1994). 

The injection Of 02 into the marsh soil structure can also result in the formation of 

oxidising microenvironments (Dyer 2001) which encourage both Fe and Mn oxides to 

precipitate from the pore waters surrounding the root-mass. As a consequence of this distinct 

rhizo-concretions can be seen in many coastal wetland sediment sequences with examples 

being described in the study by Sunby et al., (1998). These authors describe an iron rich 
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plaque evident on the outer layer of the roots of Spartina species derived from the 

precipitation of Fe2+ present in the pore waters surrounding the roots. Furthermore they 

postulate that the localised redox boundary extends radially outward from the root structure 

as Fe is precipitated thus extending the zone of direct precipitation further into the soil 

structure. 

2.5.8: The influence of early diagenetic and geochemical processes on the behaviour of 

contaminants and pollutants within coastal wetlands. 

The silty and clay rich nature of many estuarine inter-tidal sediments has lead to the 

generalised view that salt marsh environments and associated mudflats tend to act as sinks 

for suspended particulate matter, nutrients and trace metals. The natural (or background) 

levels of trace metals are a reflection of the combination of inputs to estuaries derived from 

local catchments and marine sources, Rae (1997). Natural levels of trace metals in estuarine 

sediments are now only found in so-called pristine areas where the influence of industrial 

development has been non-existent or extremely low and has not increased levels to above 

background values (Van Alsenoy et al., 1993) 

Many north-european. marshes have witnessed a large increase in levels of industry 

situated in close proximity to the coast. As a result of such activities marsh sediment 

sequences from many sites previously studied reveal an historical record of elevated levels of 

trace metals derived from industrial processes, (McCaffrey and Thompson, 1980; Allen and 

Rae, 1986; Rae and Allen, 1993; Cundy and Croudace, 1995; Croudace and Cundy, 1995; 

O'Reilly Wiese et al., 1995; Cundy et al., 1997; Cearreta et al., 2000; Lloyd, 2001). 

The diverse interest in estuarine enviromnents, has lead to concerns relating to the 

bio-availability of trace metal contaminants and relationship to environmental health Rae 

(1997). 

Within natural aquatic environments such as estuaries the speciation and chemical reactivity 

of trace metals play an additional role in parallel with element concentrations that determine 

the bio-availability and degree of toxicity to both fauna and flora (Morse, 1994; O'Reilly 

Wiese et al., 1995). 

Many of the physio-chemical processes governing the accumulation, mobility and 

bio-availability of metals in salt marshes are still poorly understood (Allen and Pye, 1992). 

In recent years however these inadequacies have become less problematic with several 

publications relating to in-depth investigations of some of the problems encountered in 

assessing trace metal contamination within the inter-tidal zone . Notable among these 
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studies is the extensive review by Williams et al., (1994) and Rae (1997). These authors 

provide a detailed explanation of many of the key processes controlling the behaviour and 
bio-geochemical status of contaminated marsh areas. 

Some of the key points to emerge from these works relate to the difficulty arising 
from treating salt marsh environments as a simple system. A number of inter-linked physio- 

chemical processes are responsible for trace metal mobility and bio-availability. These 

include estuarine circulation, periodicity of tidal inundation and sediment supply which in 

turn control a variety of physical and chemical parameters including: 

" salinity gradients over the marsh surface, 

" vegetation zonation and organic matter content 

" temperature 

" redox potential (Eh) and pH. 

" sediment type and particle size distribution 

levels of biotubation within the sediment column 

Additionally, these processes are significantly affected to variable degrees by 

differences in the type and quantity of trace metals delivered to the marsh surface via the 

variable mechanisms responsible for input (Williams et al., 1994). 

Trace metal profiles can be significantly altered by early diagenetic processes which 

influence the dissolved and the solid phase distribution of metals in sedimentary sequences 
(Panutrakul and Baeyens, 1991). During the early diagenetic breakdown of organic matter 
trace metals associated with this fraction of the sediment profile can be remobilised. as can 
those more associated with the reactive mineral phases such as Fe and Mn oxides owing to 

chemical dissolution owing to reduced Eli and pH conditions (Morse, 1994). 

Trace metals that become remobilised from Fe and Mn oxy-hydroxides during early 
diagenetic reactions can also become co-precipitated with and adsorbed onto authigenic 

sulphide minerals within the anoxic zone of marsh sediments (Morse, 1994). Cu, Pb, Zn and 

As are good examples of such metals (Dyer, 2001). As a consequence of this process the 

potential exists for iron sulphides to become secondary type sources of contamination during 

oxidation of reduced sediments. This mechanism is likely to be prevalent in salt marsh 

environments owing to the fluctuating nature of the redoxcline resulting from variable 

periods of tidal inundation. Huerta-Diaz and Morse (1990) identify three mechanisms by 

which trace metal concentrations are controlled in the presence of sulphides. These are 

namely, formation of solid solutions from Fe and other metal sulphides: precipitation of pure 
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metal sulphidcs and adsorption of trace metals on prc-existent Fe sulphides present within 
the sediment sequence. 

2.6: Summary of marsh geochemical processes and their importance in coastal wetland 
development 

A detailed overview of marsh geochemical processes has been presented in the 

preceeding sections and this attempts to draw attention to some of the key influences likely 

to affect the historical record of sediment deposition within marsh environments. 
Importantly, consideration is focused on the diagenetic (post burial) reactions which 

mediate this signature. These include bacterially driven remineralisation of sulphur 

compounds and the redox driven diagenetic behaviour of elements that are sensitive to 

fluctuating oxidation and reduction conditions characteristic of inter-tidal sedimentary 

environments. 
In any intended study of saltmarsh development that incorporates geochronological. 

constraint of marsh sediment accretion via geochemical/radiometric techniques a 

comprehensive assessment of the diagenetic signature and behaviour of the key redox- 

controlled elements is required to ensure the robustness of any derived interpretation relating 

to depositional history. 

Geochernical investigations of historical sediment accumulation wid-dn salt marsh 

environments have typically relied upon the use of techniques such as 21OPb dating of 

discrete sediment horizons from acquired cores. Often such studies require the use of 

additional chemically differing radionuclides (e. g. 137CS; 24'Am) to compensate for any post- 

depositional remobilization. Geochemical assessment of the redox status and post- 

depositional diagenetic signature within such sediments serves as a robust method with 

which to further assess whether any post-depositional re-mobilization of key elements has 

affected the integrity of the dating methods. 
Details of the analytical techniques employed in this study are now presented in the 

following chapter. 
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Chapter Three 

Analytical Methods 
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3.1: Introduction 

Analysis of recent salt marsh sediments have been used extensively to gain insight into 

geo-morphodynamic processes occurring within low-lying coastal settings (Letzsch and Frey, 

1980a; Pethick, 1981; Allen. 1988; Carter et al., 1989; Patrick and DeLaune, 1990; French, 

1991; Pethick, 1992; French and Stoddart, 1992; French, 1993; French and Spencer, 1993; 

French et al., 1994; Pye, 1995; Callaway et al., 1996; Reed, 1998). 

The application of other multi-proxy methods including micro-palaeontology and 

geochemistry to such studies (e. g. McCaffrey and Tbompson, 1980; Gehrels, 1994; Cundy et al., 
1996; Cundy et al., 1998; Horton et al., 1999a; Cearreta et al., 2000), provides the basis for 

further assessment of recent environmental change and anthropogenic impacts upon present-day 

salt marshes. 
This study seeks to investigate morphological changes with respect to sediment 

accretion and changing marsh elevation using a multi-proxy methodology. The study employs 
both geochemical and microfossil analytical techniques and focuses upon radiometric dating 

methods and the distribution of natural and artificial radionuclides (specifically, 21OPb, 137Cs and 
24'Am) within marsh sediment sequences as tool for geochronological control of marsh 
development and modelling of accumulation processes. Other specific techniques include the 

determination of major and trace element distribution within the cores to provide detail of marsh 

composition, post-depositional geochernistry and assessment of any anthropogenic impacts to 

the coastal lowlands. Microfossil analysis, in particular diatoms are used to provide ecological 
detail of environmental change within the one of the cores. 

This chapter gives a detailed overview of these various techniques used and an account 

of the analytical work undertaken now follows. 
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3.2: Radiometric dating techniques 

3.2.1: Geochronology using 21OPb 

The measurement of radioactive decay provides the principle basis for a wide range of 
dating techniques within the geological sciences. Carbon-14 (14 C) has been used extensively for 

the dating of older coastal sediments (e. g. Shennan et al., 1995) however sedimentary 
depositional processes occurring within the coastal zone also take place over considerably 

shorter time-scales and, hence, are not capable of being dated using the conventional 14C 

method. 
In the latter part of the last century there has been a substantial increase in the volume 

and range of studies focussed upon recent sedimentation and sedimentary processes (Appleby 

and Oldfield, 1992). In order to obtain a reliable chronology for the more recent historical 

development of many sedimentary environments the use of radioisotopes with shorter half-lives 

than that of 14 C and more applicable to the time-scale of the processes being studied are required. 
The naturally occurring radioisotope 2 'OPb, part of the 238U decay series, has a 

radioactive half-life of 22.26 years (Appleby and Oldfield, 1992). This makes this isotope a 
highly appropriate dating tool with which to study recent sedimentary processes and historical 

development. Following the seminal paper of Goldberg (1963) in which the author measured 

accumulation rates upon a Greenland glacier using 21OPb other authors soon extended this work 
(e. g. Crozaz et al., 1964; Crozaz and Langway, 1966). 

The application of 2'OPb to sedimentary environments occurred early within the 

following decade with the study of lake sediments undertaken by Krishnaswami et al. (1971). 

Koide et al. (1972) applied the technique to marine sediments and later studies by Armentano 

and Woodwell (1975), Benninger et al. (1975) and Nittrouer et al. (1979) to name but a few, 

established the applicability of the method to a wide range of environmental settings. 
21OPb has now been used extensively in a large variety of environmental investigations 

ranging from studies of atmospheric behaviour (Kim et al., 2000), floodplain sediment 
deposition (He and Walling, 1996), oceanic sedimentary processes, (Norton-Smith et al., 1987; 

Crusius and Anderson 1991), lake sediment studies (Pennington et al., 1976; Binford 1990; Gale 

et al., 1995; Alvisi and Frignani, 1996) and a large number of coastal/estuarine studies (e. g. 

Chanton et al., 1983; French et al., 1994; Cundy and Croudace, 1996; Cundy et al., 1998; Goff 

et al., 1998; Kirchner and Elhers, 1998; Turner, 1999). 
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The development of the 2 1OPb dating technique and its applicability as a 

geochronological tool for use with recent sediments has been extensively reviewed by Appleby 

and Oldfield (1992). A summary of the important points that need to be fully understood by 

potential researchers now follows. 

3.2.2: The geochemistry and formation of 21OPb 

21OPb is a naturally occurring radionuclide and is one of many radio-isotopes that 

constitute part of the 238 U decay series. A simplified graphical illustration of this decay series is 

shown in Figure 3.1. Decay of the parent isotope 226 Ra (half-life (ti/2) = 1600 years) present in 

the solid bedrock via series of relatively short-lived daughter isotopes results in the formation of 
2'OPb secular equilibrium With 226 Ra. Within this closed system 21OPb present is referred to as 

being the supported component 01OPb, 
uppý, d). 

Disequilibrium, between 21OPb and 226 Ra occurs in open systems as a result of the loss 

and subsequent decay of the intermediate inert gaseous isotope 222Rn (t'12 = 3.8 days) from the 

solid matrix. This occurs either via diffusion through the interstices of soils and crustal rocks or 
due to recoil on ejection of an alpha particle (Appleby and Oldfield, 1992). Following diffusion 

of 222 Rn into the atmosphere 2 1OPb is formed via a series of short-lived decay reactions that take 

place whereupon 21OPb is rapidly adsorbed onto atmospheric aerosols. 

3.2.3: Pathways of 2'OPb to surface sediments: Atmospheric Deposition 

The formation of 
21 OPbe in the atmosphere results in rapid adsorption onto aerosols 

whereby removal is facilitated by wet and dry depositional processes. Residence time for 

atmospheric 21OPb,,,,,,, and hence flux to the earth's surface will largely be determined by 

geographical position and climatic conditions (Turner, 1999). Appleby and Oldfield (1992) 

identify that global patterns of 2 'OPb,,,, 
e,, fallout are strongly influenced by the movement of air 

masses over continental areas where diffusion of 222 Rn occurs and over oceanic regions where 

depletion of 2 'OPbe,, takes place. 
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Additionally, seasonal variation between wet and dry depositional process within a defined 

geographical region will also influence annual atmospheric 21OPbexcess flUX (Turekian et al., 1977). 

Periods of low rainfall will also enhance the contribution of dry fallout which constitutes a 

proportion of the total flux to the surface over a given time period. 
Average residence times for atmospherically derived 210 Pb within the northern 

hemisphere range from between 5-10 days (Wise, 1980) and various studies have highlighted the 
inverse correlation between 21OPb concentration and average rainfall for sites within the UK 

(Peirson et al., 1966; Lewis, 1997; Smith et al., 1998). These range from 41 ±4 Bq nf 1 yr-1 to 

147 Bq m-1 yr-1 with a mean annual flux of 62 ±8 Bq m7l yr-1 reported for the Solent. Lewis 

(1997) has estimated that the dry fallout represents approximately 40% of the total 21OPb flux 

based upon calculations of measured data and derived via the method of Turekian (1977). This is 

in good agreement with the dry fallout estimations over the Netherlands reported by Zuo (1992). 

Estimations of historical fluxes of 2 101? b may be a matter for some conjecture when 

consideration is given as to how representative these are with respect to the true average for a 

given studied area. Peirson et al. (1966) have noted that short term variability in the flux of 2 'OPb 

derived from wet depositional processes may not be compensated for by calculation of averages 

taken over a short time period of say only a few years. Additionally, Turekian et al. (1977) draw 

attention to the potential influence of various meteorological processes on 2 'OPb fluxes at any 

given location and highlight that assessment of several years worth of data may in fact fix the 

calculated average flux to no better than between 10-50%. 

Independent estimation of the historical deposition rate at a give location may be 

possible by obtaining long-term average annual rainfall from the Meteorological Office and the 

mean UK relationship between rainfall and 21OPb flux calculated by Smith et al. (1998). The 

theoretical value of 58 ± 11 Bq In72 yr-1 have been shown by Lewis (1997) to be in good 

agreement with values obtained for the Solent region of southern England indicating that this 

approach may be a more representative method with which to assess true historical flux. A 

schematic diagram to illustrate the modes of supply to coastal marsh envirom-nents is depicted in 

Figure 3.2. 
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3.2.4: Other sources of 21OPb to coastal environments 

Thus far attention has been focused solely upon atmospherically derived 2 1OPbe 

deposited at the surface of the earth. However, other sources of 2 'OPb to estuarine environments 

can also influence historical fluxes. Importantly, groundwater rich in 222 Rn entering the 
hydrological syst ern within coastal regions may dramatically increase the total 21OPb supplied to 

a body of water (Norton et al., 1995). Intuitively, the same process must be considered to occur 

within estuarine environments with hydrologically/catchment derived 226 Ra material contributing 
to the flux to such water bodies. 

With regard to UK coastal environments the potential for SUPPIY Of 
2 10Pb derived from 

other sources also exists. Waste material from the BNFL uranium reprocessing plant at 
Springfields in north west England has been detected from research undertaken on the Ribble 

estuary. At sites from Fairhaven and Lytham, 238U has been shown to be present in elevated 

concentrations within coastal and estuarine sediments (Bonnet et al., 1988). 

Uranium and fuel fabrication processes are undertaken at Springfields and additionally 

at Capenhurst. This results in the release of uranium and uranium-daughter isotopes and some 
fission products into the marine environment (Warrick, 1999; Table 3.1). 2'OPb is not directly 

measured in the discharges from these establishments as it is a radioactive decay product of 23SU 

in ore and not utilized in reactor grade uranium (Dyer, 200 1). However, input of these discharges 

into the coastal environment may influence the use of 21OPb as a dating technique, particularly 

within coastal settings in close proximity to the aformentioned establishments where dilution 

may be less pronounced. 

1994 1995 1996 1997 1998 

Capenhurst 1.1 1.8 1.4 0.6 1.3 

Springfields 0.055 0.048 0.061 0.057 0.047 

Table 3.1: Annual total alpha activity of uranium discharges (GBq) from the Capenhurst and Sringfields 

BNFL sites. Waste from Capenhurst enters the Mersey estuary, whilst waste derived from the Springfields 

sites enters the Ribble estuary further to the north. (From BNFL data, 1998). 
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A- further source- of 2 'OPb to UK coastal waters results from the activities of the 

phosphoric acid plant run by Albright and Wilson at Whitehaven in Cumbria. Material used in 

the production process such as phosphorite contains uranium in the form of an impurity. Waste 

from the plant discharged into the marine environment of the Cumbrian coast contains all of the 

original uranium present and as such the daughter isotopes related to the 238 U decay series. 
Certainly, the potential for enhanced levels of 2 'OPb and modification of coastal sediment 2 1OPb 

profiles may exist owing to such inputs and those derived from eroded terrestrial soils. 

3.2.5: The behaviour of 21OPb in sedimentary environments. 

The levels of supported 2 'OPb incorporated into a sedimentary prism will largely be 

determined by factors such as the bulk mineralogy of the sequence, sediment gain-size and 
importantly in the case of salt-marshes environments, the geochemistry. Factors that directly 

influence the levels of unsupported 2 'OPb within the sediment matrix include the rate of mass 

accumulation, sediment mixing and diffusion rates and sediment porosity which is also a 
function of grain-size and mineralogenic content. Under steady-state atmospheric flux and 

sediment deposition the down-core activity will exhibit an exponential decline with increased 

depth in accordance with the radioactive decay law (A,, = A. e -Xt, depicted in figure 3.3) and 

discussed further in section 3.1.6. 

Total flUX Of 2 'OPb received on a sedimentary surface such as that of a coastal marsh will 

additionally be influenced by the spatial and temporal nature of various physical and bio- 

geochemical processes operating within estuarine sedimentary environments. 

Santschi et al., (1983) have suggested that the mobility of 2 'OPb and other radionuclides 
is largely controlled by the affinity of the element for inorganic and organic particles and the 

subsequent -transport mechanisms that influence the distribution of such material. Such inputs 

may derive from marsh or mudflat erosion seaward of the site of deposition and may be due to a 

number of factors such as storin activity, increases in tidal current velocities or may result from 

hydrological input from catchment derived material. 
Differences in calculated fluxes of 2 'OPb,,,,,,, across coastal marsh surfaces have been 

recorded by Cundy and Croudace, (1995). These authors suggest that higher fluxes recorded 

towards the seaward edge of the marsh are representative of higher quantities of tidal 
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mineralogenic input derived as a consequence of increased tidal current velocities experienced 

over this section of the marsh. In the same study, investigation of cores abstracted from the 

mudflat environment revealed low 21OPbe,, 
c,,, inventories (0.001-0.003 Bq CM-2 yr") with 

apparent low annual fluxes resulting from erosion of material derived from the marsh seaward 

edge and/or high sedimentation rates. 

Within salt-marsh environments the establishment of halophytic vegetation that initiates 

the formation of coastal peat from mudflat will create preferential areas of sediment deposition, 

(French and Stoddart, 1992; Craft et aL, 1993; French and Spencer, 1993; Callaway, 1998). 

These areas are not only responsible for enhanced geomorphological. modification, they are also 

sites within the marsh where spatial and temporal variation in 2 loPbrces, activity and hence flux 

may be evidenced. Importantly, the presence of vegetation creates a suitable environment for 

organo-chemical reactions to occur resulting in 2 'OPbe. 
es, adsorption onto the surface of 

halophytic plant material (Church et aL, 1981). This may also enhance the spatial variation in 

activities. marsh surface and near-surface 2'OPbe 

Further to consideration regarding depositional processes and how these may influence 

the behaviour of 2'0Pb 
...... arriving at the marsh surface, attention must also be given to post- 

,,. activity profile. These may , ýc, r depositional processes that are also capable of altering the 21 OPbe 

be classified as those resulting from actual physical disturbance and hence post-depositional 

mixing of the sediment column, those resulting from post-depositional diagenetic/redox 

controlled bio-geochemical remobilization and those occurring as a result of bioturbation 

processes (Figure, 3.4). Post-depositional physical disturbance may result from high-energy 

storm events or anthropogenic disturbance to the sediment sequence and are likely to be 

evidenced by disturbance directly proportional to the energy impacted from the process and the 

resistance of the sediment to erosion (Turner, 1999). 

'Me effect of diagenetic/redox controlled biogeochernical interactions will be witnessed 

in more subtle post-depositional remobilization. (Hardaway et al., 1998). Such redistribution has 

also been correlated with fluctuating Eli and pH conditions within the sediment column. 

Studies concerning the post-depositional Mobility Of 21OPb, (Urban et al., 1990) have 

revealed significant remobilization of Pb and 21OPb in peat-land sediments. 21OPb has also been 

shown to be significantly associated with solid phases including oxides and oxyhydroxides 

which have become solubilized within the reducing environment of lake sediments (Benoit and 

Hemond, 1991). This study also presented evidence to suggest that 22'Ra can become 
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concentrated within oxic/post-oxic/anoxic boundaries where increased levels of manganese 
oxides are detected. Coupled with the distinct possibility that diffusion driven migration of 
222Rn can still occur within such sediments the authors concluded that these processes could 
certainly influence 21OPb profiles. 

3.2.6: Measurement of 2'OPb activity: Alpha spectrometry 

Determination of alpha C'OPb) activity is commonly achieved via elcctrodeposition of a 

purified acid leachate onto polished stainless steel or platinum discs following a double acid 
leach of the ovcn-dried sediment from discrete depth intervals throughout the down-core profile. 
The geochcmical preparation follows the method outlined in Flynn (1966) and a full account of 

the methodology is given in Appendix 2. 

Electro-deposition is a well established and reliable technique providing high quality 

alpha spectrometry sources derived from niildy acidic to alkaline aqueous solutions. Most alpha 

spectrometry measurements are carried out using an internal yield monitor and the activity of the 

radionuclide under investigation is calculated by comparing the peak integral or region of 
interest (ROI) of the plated leachate with that of the known activity of the yield monitor added. 
As a consequence absolute determination of the counting efficiency is not an essential 

requirement although this can be useful in providing estimates of the chemical yield. 
The quantitative measurement of alpha emitting radionuclides is achieved using silicon 

surface barrier detectors or in some cases non-implanted silicon detectors. Both of these provide 
high-energy resolution with excellent stability over time and very low background levels 

(typically in the order of 0.001 to 0.003 count per minute (cpm)). Efficiency in the order of 20 to 

30% is almost constant at energy levels ranging from 2.5 -8 McV. For alpha emitters below this 

range (such as 2 'OPb and other daughter isotopes) the efficiency is maintained provided that 

suitable count times arc implemented and adhered to and possible interferences and background 

levels are accounted for (Longworth, 1998). 

Certain spectral interferences can result from the presence of radionuclides on the 

counting source which emit alpha particles of similar energy to the analyte which leads to 

degradation of the alpha spectrum. Apriori assessment of radionuclides likely to disrupt the 

spectrum can provide useful information and aid in the resolution of any detected interferences 

(Longworth 1998). 
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Other interferences can arise from high background activities which are usually the 

result of the build-up of unacceptable levels of alpha particles produced by recoil nuclei in alpha 
decay across the gap between the source and the detector. To remove any recognized build-up 

modem detectors can be cleaned periodically to remove the presence of unwanted recoil nuclei. 
Alternatively reduction of the implantation of recoil nuclei can be achieved by applying a 

suitable back-bias voltage between the source and the detector and either/or increasing the 
distance between the source and the detector (P. E. Warwick personal communication 2001). 

In this stud y 21OPb activity was determined through the measurement of its 

granddaughter isotope 21OPo as a proxy method and assumes secular equilibrium between 2 'OPb 

and 210po (Flynn, 1966). A double acid leaching of the sediment was undertaken followed by 

auto-deposition of the Polonium isotope in the leachate onto silver disks. A known mass of 
"Po spike was added to approximately 2 grams of oven-dried sediment to act as the isotopic 

yield tracer in order to determine sample activities (Cundy and Croudace, 1995; Appendix 5). 

3.2.7: Determination of 21OPb total activity 

The activity of each individual depth increment measured is calculated by determination of the 

integral of the area under the measured total peaks for 210po (assumed to be in secular 

equilibrium with 2'OPb) and the added isotopic tracer 209po. The actual activity is obtained from 

the equation: 

21OPb total activity = 
(Total 210po peak 

/ Sample dry mass)_ 

(Total 209po 
peak / Mass 209po 

spike 
)x (4.28 / 60 ) 

where: 2 1OPo and 209Po represent the integral of the measured region of interest for each 

radionuclide obtained from alpha spectrometry. 
Sample masses of dry sample sediment and 209po spike are measured in grams, and 

4.28 is the radioactive decay constant of 209po (Bq minute") 
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3.2.8 : 21OPb dating models for sediment geochronology 

Dating of sedimentary materials utilizing 2 10Pb hinges upon a number of different 

assumptions surrounding the mechanisms by which the flux of the radionuclide becomes 

incorporated into the sedimentary prisnL Hence, the behaviour of 21OPb within aquatic, terrestrial 

and atmospheric systems may influence the validity of certain assumptions routinely 
incorporated into the various mathematical models with which da ting is facilitated (section 

3.1.5). The relationship between depositional processes '21 
oPbýxce, 

s assimilation and 2 10Pb activity 

profiles can be used effectively in the choice of model used for gechronological control. 
One of the principal assumptions is that 2 loPbý,,,, 

ýss supply to the marsh soil surface and 

sediment supply has been constant over time. As outlined in the previous section this may not 

always be valid when consideration is given to fluctuating wet and dry atmospheric deposition 

and labeled sediment transport processes. Turner (1999) points out that during the evolution 
from mudflat environment to mature marsh within dynamic hydrological systems such as 

estuaries, wetland surfaces are likely to have experienced temporal fluctuations in atmospheric 
deposition. Human activity at the coast which results in physical disturbance and sediment 

mixing will cause significant deviation from this ideal situation and artificial sources of 2 'OPb 

may influence the total annual flux occurring on an estuarine depositional surface (section 3.1.4). 

It is apparent then that the idealized exponential decline in 2 10Pbexce. activity with depth 

(Figure 3.3) may not always be evidenced in marsh soil profiles owing to some or all of these 

processes. Nevertheless this basic assumption does constitute the basis for the 2 'OPb dating 

models that are frequently employed in sedimentary studies. 

3.2.9: The Constant Flux: Constant Sedimentation (CF : CS) or "Simple" Model 

Measurement of mean sediment accumulation over time forms the principal basis of the 

constant flux : constant sedimentation model. This is calculated from a logarithmic plot of the 

exponential radioactive decay curve for 2 "Pbc,, 
c,. derived from a constant supply of 21OPb,. 

e,, to 

a steadily accreting soil profile (Appelby and Oldfield, 1992). Average sediment 
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21OPb deposited onto marsh surface via 
atmospheric deposition or derived 
from water column during tidal cycle 

(I 
- -- 

0 

Activity at surface Ao 

,. Activity at depth Az 

Calculation of sediment age at depth z using 
2 "'Pbexcess, is achieved via the following 
relationships: 

where: A, = Ao e-)A 

A, / Ao ý 

Ln(A//Ao) -- -)A 
hence the age at depth interval z is 
determined from: 

I=k -1 Ln (A. / AO) 

(where ý is the radioactive decay constant of 
"()I'b 0.03114 Bq yr-1) 

Figure 3.3: Components of 21('Pb in accreted sediments and relationships to show age-depth 
determination. (Modified from Turner, 1999; see text for full discussion of method and critical 
assumptions) 
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accumulation is estimated via the best-fit straight-line equation which describes this radioactive 
decay with depth (McCaffrey and Thompson, 1980) and takes the form of. 

Ln A. = LnA. - S, )z 

where: Az is the activity at a certain depth z, A,, is the initial activity ( if 2 'OPb flux has been 

constant it is assumed that each layer of new material has the same sediment surface activity), X 

is the known radioactive decay constant of 21OPbe,, 
c, ý,, (0.03114 Bq yf 1) and S, is the sediment 

accumulation rate in cm yr-'. 
The best-fit least squares regression line describes the gradient of the line that equates to the 

basic regression equation y= mx +c in the form: 

LnA. = -(). / S,, )z + LnAo 

where: LnA. 0 represent the correlation coefficient "c" and the gradient "in" is given by VS, 

Mean sediment accretion rates may then obtained by plotting the least squares regression of 

normal logarithmic values for 21OPbexcess activity versus depth (Appleby and Oldfield, 1992). 

3.2.10: The Constant Initial Concentration (CIC) Model 

The basis of this model is similar to the constant flux : constant sedimentation model in 

that it assumes that the 2 10Pbexcess flux is directly proportional to the mass of accumulated 

sediment. Importantly this model assumes that the initial 21OPbexces, activity will have remained 

constant regardless of changes to the overall accumulation rate. The CIC model unlike the 

constant flux : constant sedimentation model can still be utilized effectively if there have been 

moderate changes in the sediment accumulation rate over time. This is not the case with the 

CF: CS model although it has been suggested that the CIC model may be used in conjunction 

with the CF: CS model (Appleby and Oldfield, 1992; Dyer, 2001). 
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3.2.11: The Constant Rate of Supply (CRS) Model 

In many depositional environmental settings of which estuarine salt-marshes are no 

exception, the rate of sediment accumulation over time is unlikely to have been uniform 
throughout the entire development of a sedimentary sequence. The constant rate of supply (CRS) 

model can be applied to take account for this phenomenon. Implicit in the CRS model is the 

constant rate of supply of unsupported 2 'OPb to the sediment surface over time. This results in the 

initial unsupported 2'OPb activity varying inversely with the sediment mass accumulation rate as 

a consequence of 21OPbr,. 
ce,, dilution by increased sedimentation. Calculation of sediment age 

within sections of the sediment prism that have experienced fluctuating sediment accumulation 

rates over time is thus facilitated. 

The calculation of sediment age at a given depth utilizing the CRS model compares the 

ratio of2 loPbý,, 
c.. (the unsupported component) below a certain depth interval to the 2 1OPb,,, 

pp,, ed 
(background activity) throughout the sedimentary prism. This latter measurement is referred to 

as the 2 1OPb core inventory. 

The equation employed takes the form of- 

tz = 1: 1 Ln (Az / Atotai) 

where tz = sediment age at depth z, ), = the 2 lOPb radioactive decay constant (0.03114 Bq yr-1), 

,,, activity below a defined depth z (or unsupported component) and Atotal = the total A7 = 21OPb,,, 
c 

"'Pb core inventory (Appleby and Oldfield, 1992). 

Calculated sediment ages at discrete depths throughout the down-core profile provide 

the mechanism for the construction of age/depth curves. Periods of variable sediment 

accumulation can be identified by inflections on these curves and are represented by alteration to 

the curve gradient. 
The CRS model has been widely employed in many environmental settings where 

variable sedimentation rates have been recorded (Chanton et al., 1983; Binford, 1990; Allen et 

al., 1993; Cundy and Croudace, 1995; Gale et al., 1995; Alvisi and Frignani, 1996; He and 

Walling, 1996; Goff et al., 1998; Thorndycraft et al., 1998; Carroll et al, 2001; Dyer et al., 
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2002). It is however prudent to consider that without actual site-specific measurements of for 

example, sediment depositional variability, rainfall and 21OPb,, 
. c,,, supply over time to a 

depositional surface, any derived sediment age/depth curves will only represent an 

approximation of the time dependent development of a sedimentary sequence. Any dating 

undertaken using the various models available to the researcher will need to rigorously consider 
the possible influence of processes likely to affect the integrity of the activity profiles obtained. 
These are by nature of the critical assumptions implicit in the various models quite numerous as 

previously discussed. 
In order to rectify these potential problems in terms of improving the overall rigor of the 

methodology, comparison with other time-compatible radiometric dating methods can be used. 
Such methods provide a suitable means of comparing and assessing the 2"Pb models and hence 

an independent test of the 2 1OPb dating method. The use of artificial radionuclides where present 
in sediment sequences is one such method and details of this methodology arc presented in the 

following section. 

3.3: Geochronology using artificial radionuclides 

3.3.1: The application of 137Cs dating to coastal wetland sediments 

In recent years much attention has focused upon the use of 137Cs as a dating tool for 

sediment geochronology (Ritchie and McHenry, 1990). The method has been applied to a wide 

range of sedimentary environments including lakes (Krishnaswamy et aL, 1971; Robbins and 

Edington, 1975), coastal sedimentary basins (Chanton et aL, 1983; Zuo, 1992; ) and salt marshes 

(DeLaune et aL, 1978; Milan, 1995; Cundy and Croudace, 1996; Callaway, 1996; Lewis, 1997; 

Dyer, 2001). 

Where detectable, artificial radionuclides from known periods and sources of discharge 

provide an independent method with which to assess "'Pb derived geochronologies (Cundy and 

Croudace, 1995). However, there are reported studies where unreliable core chronologies have 

resulted owing to failure of the method (Davis et al., 1984; Longmore et al., 1986). As a 

consequence of these studies it is essential that the assumptions underlying the technique are 
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critically evaluated and fully understood prior to any attempt to utilize the method for 

sedimentary core dating purposes. 

3.3.2: The origin Of 137CS 

Caesium-137 (137CS) is an artificial radio-isotope produced solely from anthropogenic 

activities as a result of nuclear fission and weapons generation processes. Release via the 
detonation of thermonuclear weapons testing and authorized discharges from civil power 

generating installations are the principal methods by which 137 Cs has entered the environment. 
Other inputs of 137Cs have been derived from accidents at nuclear power generation facilities and 
discharges from military sites for which few data are available. Radioactive decay Of 137CS 

occurs through beta emission with an associated gamma energy of 662 keV. With a radioactive 
half-life of 30.2 years assessment of 137Cs activities within soils and sediments provides a useful 

method of dating recent (- 40 years) sediment accretion rates. 

3.3.3: The Supply Of 137CS to surface environments: Atmospheric input 

The first introduction Of 137CS to the environment occurred in the early 1950's as global 

atmospheric input following the detonation of the first of a series of above-ground, high-yield 

thermonuclear weapons tests conducted by various nations over the period AD1945-1963. 

Significant levels of atmospheric fallout occurred in AD1954 (DeLaune et al., 1978; Wise 

1980), with marked maxima occurring between AD1958-1959 and AD1963-1964 (Figure 3.5). 

These marked peaks in the depositional record reflect the frequency and magnitude of the 

detonations which have not been constant over time and have resulted in temporal variability of 

the SUPP ly Of 137CS to the environment derived from this source. Fallout from this source was 

greatest within the northern hemisphere (Ritchie and McHenry, 1990). 

Following the signing of the international above ground Nuclear Weapons Test Ban 

Treaty between the US, UK and USSR in October of 1963 significant reduction of 

atmospherically derived 137CS into the environment has taken place (Ritchie and McHenry, 

1990). Further atmospherically derived 137CS to the environment and in particular the northern 

hemisphere occurred in 1986 as a result of the Chernobyl nuclear power reactor accident on the 

26' of April of that year. This released a considerable quantity of radioactive material into the 
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atmosphere but unlike the radioactivity resulting from the earlier weapons testing programs did 

not penetrate the stratosphere. As a consequence much of the radioactivity derived from this 

source was returned to the Earth's surface via wet deposition in the days following the accident. 
This resulted in the deposition of 137Cs and other radioisotopes throughout many European 

countries (Anspaugh et al., 1998) including the British Isles (Playford et al., 1992; Callaway, 

1996). 

Contaminated air and radioactive particles reached the UK on the 2 nd of May and the 

subsequent deposition has been the subject of much scrutiny. Importantly, distribution Of 137CS 

was patchy across most of the region owing to the nature of rainfall that occurred in the days 

following the accident. However Cambray et al. (1987) estimate that this accident increased the 

world-wide inventory of 137Cs by as much as 5% and in the UK by a larger amount estimated to 

be nearly 40% owing to the dose received which was proportionally higher. The distribution of 
Chernobyl derived radioactivity over Northern Europe following the reactor accident is shown in 

Figure 3.4) 

3.3.4: Marine input of "'Cs 

In terms of the present study, atmospherically-derived radio-caesium is not the only 

source Of 137CS that may affect the western Scottish coast. Over the last half-century historical 

authorized discharges from the BNFL Sellafield fuel reprocessing plant in Cumbria north-west 

England have introduced significant quantities of 137Cs and other artificial radionuclides into the 

eastern Irish Sea (Figure 3.5). Such discharges have also been the subject of much scientific 
investigation. 137Cs has been used effectively as a tracer to study marine transport pathways and 

ocean circulation in the Scottish and Norwegian coasts (Livingstone et al., 1982a; 1982b) and 

through the liebridean Sea (McKinley et al., 1981). Collectively a transport lag period of 

approximately one year has been suggested in terms of travel-time for 137Cs derived from 

Sellafield discharges and that entering the western Scottish marine environment. Importantly the 

behaviour Of 137CS in the marine environment will influence the overall transport lag period as 

well as the incorporation of such material into sedimentary sequences in estuarine settings. Some 

of the more pertinent points regarding the behaviour Of 137CS in environmental settings now 

follows. 
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Figure 3.4: Time sequence gamma spectroscopic image to show the pathway and diStFibution of 
the radioactive cloud over Europe following the Chernobyl accident on 26t" of' May 1986. The 
initial release of radioactive material is easily disccrnable on the day of the accident indicated 
here by the white arrow. (Source: ARAC, 1986). 
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3.3.5: The behaviour Of 137CS: Environmental pathways and chemical mobility 

Deposition Of 137CS via the atmospheric pathway has been shown to be linearly 

correlated with rainfall for a given atmospheric concentration (Davis 1963). Subsequent wet 
deposition will inevitably lead to 137 Cs becoming incorporated into one of three distinct types of 

surface materials these being vegetation, water and soils/sediments. 
The initial rate Of Supply Of 137CS to many types of vegetation will therefore largely be 

controlled by wet depositional processes and temporal variation in atmospheric activity. Wise 

(1980) suggests that long-term storage of caesium. within most kinds of vegetation is unlikely to 
be a significant sink for this element. However, he does point out that any potential reservoir 

arising from absorption to vegetative surfaces is likely to be important on time-scales of months 

prior to the removal of the radio-isotope and arrival within a more permanent sink. Experiments 

undertaken by Rogowski and Tamura (1970) who applied 137CS to the leaves of grasses revealed 
that virtually all the radio-isotope had been removed via washing after period of twelve months 

with 75% of the total activity lost after 153 days. Wise (1980) has also suggested that radio- 

caesium. is more likely to be adsorbed onto soil particles sitting on the foliage surface as opposed 

to absorption by the plant itself. Whichever mechanism dominates caesium will inevitably 

become incorporated into the plant litter and hence eventually to the soil surface. 
Binding to the soil/sediment substrate represents the dominant process influencing the 

distribution of radio-caesium in the environment (Lomenick and Tamura, 1965; Rogowski and 

Tamura, 1970). Importantly 137 Cs has be shown to interact strongly with the micaceous clay 

component present in many soils (Comans et al., 1989) in particular those clay minerals derived 

from weathering of clay minerals such as muscovite and illite (Evans et al., 1983). The structure 

of these clay minerals is important in terms of the sorption potential and exchangeability Of 137CS 

cations. This ultimately controls the degree to which binding occurs. 
Evans et al. (1983) identify three distinct types of binding sites present within the 

structure of clay minerals. 

1). Surface and planar sites from which Cs is generally exchangeable in the presence of 

a number of cations (including Cs+, H+, Na', NH4+, Ca 2+ 
, Fe 2+ and W). 

2). Wedge sites where exchange of Cs is limited through sterical. geochernical processes 
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involving cations of similar size and charge (e. g. NH4+, Cs+, W, and possibly 
H30)- 

3). Interlayer sites from which caesium is not readily exchangeable. 

Weathered clay minerals also possess what are termed "frayed edges" and these are also 

sites where selective sorption of Cs' and Ký can take place. These occur as consequence of the 

low hydration energies of such cations which when sorbed cause dehydration of the illite layers 

in the clay mineral structure generating collapse of the inter-layered configuration. Comans and 
Hockley (1992) consider this inter-layer collapse mechanism to be the essentially irreversible 

method by which caesium. is adsorbed to clay minerals such as illite. 

Interaction Of 137CS with illite is characterized by an initial rapid uptake which slows 

significantly over the following weeks and months. A fraction of the caesium has been shown to 

diffuse slowly to the selective inter-layer sites described above from where it is not readily 

mobilized and this can occur over time-scales of years (Lomenick and Tamura, 1965; Davis, 

1963). Investigations by Comans et al. (1991) have indicated that even where desorption 

processes result in the release of a fraction of the caesium from the more accessible sites within 

the clay mineral structure slow uptake still proceeds resulting in a quasi-equilibrium state. This 

process constitutes part of the model describing the kinetic control of caesium sorption onto illite 

proposed by Comans et al. (199 1) and further developed by Comans and Hockley (1992). 

Despite the fact that caesium adsorption in the inter-layer sites is considered to be an 

irreversible process by these authors some evidence to the contrary has been put forward 

following the investigations by Sawhney (1972). This author shows that caesium cations can 

indeed be replaced by Wand NH4' ions within the edge-inter-layer sites and that this takes place 

in preference to replacement by Ce and Me ions (Sawhney, 1972). Evidence supporting this 

hypothesis has also been presented by Evans et al. (1983) who attribute the re-mobilization of 

137CS within anaerobic lake sediments to ion exchange replacement by HH4+, Mn 2+ and Fe 2+. 

3.3.6: 137Cs dating of estuarine sediments 

Introduction Of 137CS to coastal environments may also be via atmospheric deposition or 

that derived from marine input in either the soluble (conservative) form or that formerly 

adsorbed to particulate matter (i. e. non-conservative) transported to the marsh surface 
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(Thompson et al. 2001). Hence the behaviour of radio-caesium. in estuarine aquatic 

environments is largely controlled by adsorption onto the solid particulate phase such as the clay 

minerals outlined above. Additionally, the distribution of dissolved caesium has been shown to 

be roughly proportional to salinity (Simpson et al., 1976). The elevated values recorded in more 

saline estuarine waters have been attributed to cationic competition with dissolved K' becoming 

adsorbed resulting in a decrease in the removal of 137Cs derived from the atmospheric source 

sorbed onto sediment particles. The presence of the pre-AD1963 peak in 137Cs activity and that 

identified in sedimentary prisms from northern hemisphere sites resulting from the AD1986 

Chernobyl accident provide two distinct peaks that can be considered as time horizon markers 

with which to consider the depositional history of recent sedimentary environments. 
As with the use of 2 10Pb as a radiometric dating tool assumptions relating to the lack of 

any post-depositional mobility are also valid for the use Of 137CS 
. DeLaune et al. (1978) assumed 

little or no mobility would affect the depositional record of fallout owing to the expected 

adsorption of the radio-isotope onto the clay fraction of soils and sediments. In some 

environments post depositional remobilization of 137 Cs has been attributed to the lack of 

weathered micaceous clay minerals present and hence the lack of abundant inter-layer sites 

where possible irreversible adsorption can occur (e. g. Evans et al., 1983; Davis et al., 1984). 

Within salt marsh sediments that are accumulating in response to external forcing 

mechanisms the use of 137 Cs dating has been shown to be a good method for estimating relative 

accumulation rates (DeLaune et al., 1978; Miller and Heit, 1986; Callaway et al., 1996; Cundy 

and Croudace, 1996; Dyer, 2001). However, Milan (1995) highlights the fact that based upon 

one definable activity horizon, related to AD1963 137 Cs dating may not always be accurate 

enough to assess actual marsh sediment accretion rates owing to the fact that the inferences 

deduced from this activity horizon represent only one defined peak with which estimations can 

be conducted. Furthermore, Milan (1995) highlights three major assumptions which should be 

taken into account when assessing the reliability of dating sediments using the 137CS method. 

These are: 

1. The salt marsh is undergoing a period of accretion with no interferences to the 

natural sedimentary depositional regime over the historical time during which the 

marsh is being investigated 
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2. There is no contribution or removal Of 137CS to or from the marsh surface other 
than that derived from atmospheric fallout. 

3. Any 137CS present in the marsh substrate is fixed to the minerogenic or organic 
fraction and has not been affected by significant vertical migration resulting from re- 
mobilization. 

Further to the concerns of Milan (1995) it is worthy to note that re-mobilization of radio- 

caesium. may occur within higher saline estuarine waters (Aston and Duursma, 1973; Patel et al., 
1978; Longmore et al., 1986) or if the sediment or sedimentary pore waters are anoxic whereby 
Cs ions may be re-placed by K' , Fe 2+ 

, Mn2+ or N]44ý cations (Evans et al., 1983; Smith and 
Comans, 1996). Further re-mobilization may take place following the decay of organic matter 

and the subsequent release of "'Cs bound to the organic fraction as suggested by Davis et al., 
(1983) in a study of clay-deficient lake sediments. 

Of particular relevance to this study isthe second of the points put forward by Milan 

(1995). Discharges from the BNFL fuel reprocessing facility at Sellafield are highly likely to 

represent a potential source of input of artificial radionuclides to western Scottish coastal 

environments as demonstrated by the studies undertaken by McKinley et al., (1981) and 

Livingstone et al. (1992a; 1992b). Cundy and Croudace (1996) also draw attention to the 

potential for error resulting from input to the marine environment from a non-atmospheric 

source resulting from the lag time between the peak discharge and incorporation into 

accumulating coastal sediments. The present study will also demonstrate that radionuclides 
derived from a non atmospheric source entering a coastal salt-marsh environment may 

nevertheless be useful to the study of coastal sediment sequences provided the discharge records 

of the relevant nuclear installations are known. 

The complex interaction of time with depth in any sedimentary sequence can be better 

discerned where both the pre AD1963 weapons fallout peak and the AD1986 Chernobyl peak 

are identified. If this is achieved then a distinct segment of the sedimentary prism can be 

assessed in terms of its depositional history. However, it is necessary to be aware of the 

limitations still imposed by the method in that the two peak activity horizons are only two 
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distinct input impulses within the section of the sediment prism, which may represent a 
substantial period of marsh development. 

3.2.7: Measurement of 137Cs activity: Gamma spectrometry 

Preparation of sources for gamma spectrometry do not generally require extensive 

sample preparation apart from homogenisation of depth interval sub-samples. Importantly sub- 
samples should be of uniform consistency and symmetrical to ensure accurate calibration. 
Radiation spectrometry is highly dependent upon the mode of interaction that takes place 
between the radiation emitted and the material from which the detector is manufactured. 
The three major types of gamma ray interaction that take place are as follows: 

(a). Photoelectric absorption (an interaction in which the incident gamma- ray photon 
disappears producing a photoelectron that replaces the gamma photon); 

(b). Compton scattering (an interaction involving the scattering of the gamma ray photon 
following collision between the y-ray photon and an electron forming a recoil electron. In such 

cases the resulting energy division is ultimately dependent upon the scattering angle); 

(c). Pair production (the process by which a gamma photon is converted into an electron positron 
pair in the field of an electron or nucleus). 

The dominant type detected will be dependent upon the energy of the incoming radiation 

emanating from the radiation source and the atomic number of this source matter. For low 

energy gamma emitters (up to several hundred keV) photoelectric absorption predominates. 
Compton scattering is the predominant interaction mechanism for medium range gamma 

emissions (up to 5MeV) and for high energy gammas above this figure (up to -10 MeV) pair 

production is the most likely interaction mechanism to be encountered (Knoll 1989). 

Gamma ray photons are essentially uncharged and as such do not create excitation of 

material through which they may pass. 'Iberefore, in order to detect gamma rays it is critically 
important to initiate an interaction which transfers all or part of the photon energy to an electron 
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in the absorbing material of the detector (Knoll, 1989; Gilmore and Hemmingway, 1995; 

Longworth, 1998). 

High purity germanium is commonly used for construction of gamma ray detectors 

being derived from industrial use in the manufacture of semi-conductors (Knoll, 1989). The 

high-purity Ge detectors used in this study are essentially semi-conductor diodes which take the 
form of electron-hole pairs that are formed as the physically altered charged particle passes 
through the detector. Consequently these electron-hole pairs act as the principal charge carriers 
by migrating along the pathway taken by the y-ray photons towards the opposing pole created by 

the application of an electric bias (several kilovolts). The resultant charge is recorded and 

measured by a sensitive charge preamplifier which converts the energy to a voltage pulse. This 

converted voltage pulse has an amplitude which is proportional to the original gamma ray 

photon (Knoll, 1989; Gilmore and Hemmingway, 1995). 

Gamma radiation is capable of travelling quite large distances between interactions 

which can result in detector counting efficiencies often being less than 100%, a problem 

commonly encountered with planar-type detectors. This study uses high-purity germanium 
(HPGe) coaxial well-type detectors designed specifically for the measurement of small 

radioisotope sources in which the y-ray source is nearly completely surrounded by germanium 

resulting in unusually high detection efficiency. The efficiency of an individual detector is a 
function of the physical properties and thickness of the material used in manufacture, the 

counting geometry (which controls the distance from the source to the detector) and the specific 

activity of the radiation energy emitted from the source. Self-absorption in the source can also 
influence the overall efficiency albeit to a lesser extent (P. E. Warrick, Southampton 

Oceanography Centre, personal communication 2001). 

In simple terms the activity of a gamma ray source is derived by dividing a measured 

gamma ray count-rate by the gamma ray emission probability and the counting efficiency 

(Longworth 1998). Importantly, as with other radiation spectrometry methods a correction is 

usually made to account for background count rates. Gamma detectors are therefore surrounded 

by lead castle-type shielding sometimes also containing an inner copper-cadmium lining to 

protect the detector and source from external interference (Gilmore and Hemingway, 1995). 

Measurements undertaken in this study have used two Canberra 45% N-Type HPGe 

well detectors courtesy of the Geosciences Advisory Unit at the Southampton Oceanography 

Centre and these are both of the coaxial type and open at one end. An illustration of the general 
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configuration of these detectors is shown in Figure 3.6. The active volumes are 168 ml and 239 

ml with a well depth of 45 mm. The resolution of these detectors at 122 keV and 1332 keV is 

1.59keV and better than 2.25 keV respectively. 
In order to assess and calibrate the counting efficiency on a regular basis known 

radionuclide standards with the same physical and geometrical characteristics as the sample 

under investigation were routinely counted. Over the time period of this study counting 

efficiency was determined at regular intervals using a mixed gamma source standard (the 

Amersham reference solution QCY4A) containing accurately documented activities of various 

gamma emitting radio-isotopes including 241,4M, 137 CS, 60Co and 54 Mn (Figure 3.7). Detector 

accuracy was also verified on a weekly basis using the International Atomic Energy Authority 

standard reference material IAEA135 Irish Sea sediment. Additionally, background counts were 
determined on both detectors at regular intervals (at least once per week) to provide continuous 

assessment for activity determination during the study and throughout other commercial 

operations. 

Sub-samples of approximately 20g were oven-dried for 48 hours and then homogenised 

using an Agate pestal and mortar and then weighed into polythene scintillation vials and the 

mass recorded. Count times were typically of the order of 25000 seconds. Most count times were 

considerably longer with samples being left to count overnight (generally in the order of 55000 

seconds). On occasions the requirement for commercial sample counting led to count times 

being somewhat reduced. Where this was the case, a general rule of counting near-surface 

samples was implemented based upon the intuitive consideration that activity levels may be 

expected to be higher and, hence, more efficiently detected. 

All gamma spectra were processed using the commercially available Fitzpeaks software 

package (J. F. Computing Services, Stanford in the Vale, Oxfordshire). This software compares 
identified peaks in the spectrum and the areas of these peaks to library archived peaks from a 

wide a range of gamma emitters. The package also takes into account the recorded background 
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Figure 3.7: Typical counting efficiencies derived from the measurement of the QCY4A 
Amersham standard reference solution and IAEA135 Irish Sea sediment for the well detectors 
used during the present study. (Source: Geosciences Advisory Unit courtesy of Dr P. E. 
Warwick). 
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Figure 3.8: Derived height coefficient correction from variable height measurement of 
internal mixed gamma source for the two well-type detectors used in the present study 
(Source: Geosciences Advisory Unit, Southampton Oceanography Centre). 
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activities derived from the regular background measurements which are updated after each 

measurement. 
One problem encountered by researchers within the. Geosciences Advisory Unit has 

been the lack of sufficient sediment substrate obtainable from the surface layers of marsh cores 

to adequately fill the polythene vials. A similar situation was encountered during gamma 

spectrometry analysis of samples for this study and the concern here centered around the 

potential lack of sediment within the surface layers and the implications for the efficiency of 7- 

ray detection. 

Interestingly the well-type detectors used in this investigation described above have a 

characteristic that does indeed influence detector efficiency. One consequence of the well-type 4 

n geometry (Figure 3.6) is a reduced counting efficiency with vials that are near to full capacity 

with sample material. This can result in the non-detection of gamma particles that are able to 

escape detection as a consequence of the near 180" horizontal plane created by filling the vial to 

the full capacity bringing the level of the sample close to the height of the detector at the open 

end. Researchers requiring gamma spectrometry analysis conducted measurements of another 

prepared mixed gamma source with similar physical characteristics at varying heights within the 

polythene vials. Details of the measurements obtained for the solid silica based standards are 

shown in Appendix 3 for both the well-type detectors used in this study. These activity/height 

measurements were then used to create a height correction coefficient which has been applied to 

the calculated activity derived from the spectral analysis. The derived regression curves for both 

the well detectors are shown in Figure 3.8. 

The depth-dependent correlation coefficient has also been applied to all samples from 

the four marsh cores analysed in the present study following accurate determination of the height 

of homogenised substrate present in the vial for each sample. Details of these measurements are 

shown in Appendix 5. 
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3.4: Sediment geochemistry: Determination of marsh core geochemistry using X-Ray 

Fluorescence Spectrometry 

X-ray fluorescence spectrometry is one of the most widely used geochen-ftal analytical 

techniques utilised within the earth sciences and provides a rapid non-destructive method of 
determining sample elemental concentration whilst not requiring extensive training on the part of 

the analyst (Gill, 1997). Early systems employed energy dispersive technology however this 

technology is not considered adequate for the precise quantitative analyses generally required by 

researchers at present. Modem day systems now employ wavelength dispersive spectrometry 

which provides the highly accurate capability for quantitative elemental measurements (La Tour, 

1989). Additionally the X-ray spectra of most elements are generally less complex than other 

optical spectra (Fabbi, 1978). 

XRF spectrometers use a primary source of radiation from an X-ray tube to excite 

secondary emission from the sample being analysed. The composition of the wavelength 

generated is highly dependent upon the material from which the anode is manufactured. For 

most applications (e. g. environmental studies), the optimal choice is a rhodium. anode although 

other materials such as molybdenum and chromium are also used. 
When an atom associated with a particular element within the sample is excited in this 

manner an electron is ejected from the inner electron orbital. This secondary X-ray radiation (or 

fluorescence) contains the characteristic peaks of the major and trace elements present in the 

sample. This excited atom can return to its original ground state by transfer of an electron from 

an outer atomic shell thus filling the vacancy present in the inner atomic shell. If this transfer 

proceeds an X-ray photon is emitted which has an energy equal to the energy difference between 

the initial and final states of the transferred electron. 
These X-ray photons can be easily designated as those of the K, L or M shell depending 

upon the source of the electron filling the shell vacancy (Jenkins 1988). Further sub-division can 

also be achieved (Ka 1, Ka2, KPI etc. ) denoting the electron sub-shell position. 

The relationship between the characteristic X-ray photon and the atomic number of 

ccrtain c1cments is writtcn as: 

(7 1/k=K ,_ Cr)2 
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where: K is a constant which has a different value for each electron sub- 

shell. 

a is the shielding constant having a value of just less than I 

The energy E of the X-ray photon is inversely proportional to the wavelength and, 

therefore, also proportional to the atomic number of the element being irradiated (Jenkins 1988). 

This methodology is thus used in X-ray fluorescence spectrometry to generate both the 

primary and the secondary (fluorescence) X-rays. Figure 3.9 shows a schematic representation of 

the Philips PW1400 XRF wavelength dispersive spectrometer used in the present study. 
Primary X-rays were generated using a3 kW side window Rh anode X-ray generating 

tube fitted with a beryllium window which delivers characteristic intense and continuous 

radiation that interacts with the sample producing the secondary flourescent X-rays. These 

secondary X-rays are then passed through a primary collimator onto an analysing crystal (Figure 

3.9) which diffracts the X-ray continuum into differing wavelength groups. This forms the 

principle basis of the wavelength dispersive system. The analysing crystal is usually made of 

pure material such as germanium and will have lattice planes running parallel to the surface. 

These lattice planes are separated by a definitive distance thereby initiating the separation of 

various wavelengths via diffraction. Radiation striking the crystal at an angle 0 will only be 

diffracted when the distance traveled by the X-ray photons between successive planes differs by 

a complete number (n) of wavelengths. Multi-element analysis is made possible by rotating the 

crystal thus initiating diffraction of different wavelengths by alteration to the angle 0 (Philips 

Analytical Services XRF Information Sheet, 2000). 

After passing through the analysing crystal which is mounted on a goniometer the 

diffracted X-rays pass through a second collimator and are further diffracted prior to arrival at 

the detector mechanism. The X-ray fluorescence spectrometer used in this study (the Phillips 

PW1400 model) has two detector mechanisms which enable detection of the X-ray spectrum 

from low to high energy. Low to medium range X-ray energy (long wavelengths produced by 

light elements) is detected using a gas flow proportional detector, whilst the medium to high 

range energy (short wavelengths produced by heavy elements) is detected by the presence of a 

sodium-lithium scintillation detector. Both of these detector mechanisms convert the photon 
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energy into measurable voltage pulses and because the relationship between emission wavelength 

and atomic number is known, isolation of individual elemental characteristic concentrations can 
be estimated from the characteristic line intensities. Quantitative analysis is facilitated by 

commercially available computer software which is capable of delivering highly accurate and 

reproducible individual elemental concentration results in the range of Ippm to 100% (Jenkins, 

1988; La Tour, 1989). 

Although considered a highly accurate method for quantitative analysis of geological 

materials X-ray fluorescence spectrometry is prone to a number of random and systematic errors 

that can influence the elemental concentration results obtained. Contamination of the sample 

during preparation will lead to erroneous results. Of key importance is sample inhomogeneity 

which can arise as a consequence of the complex nature of geological samples and also as a result 

of samples being introduced to the equipment that have not been homogenised to the degree 

required for meaningful results to be obtained. 
X-ray fluorescence samples are normally prepared as fused glass beads or as pressed 

powder pellets derived from the grinding of oven-dried sediment. The former method poses little 

or no problem as the fusing process destroys the mineral fraction and permits full identification of 

the elemental concentrations present. This method is particularly applicable for the determination 

of major earth elements. Importantly, sample inhomogeneity can arise in the preparation of 

pressed powder pellets. If the dried sediment contains a significant proportion of coarser material, 

grinding needs to be undertaken for a suitable time period to produce the required consistency, 

generally that of rock-flour (Fabbi, 1978; I. W. Croudace, Southampton Oceanography Centre, 

personal communication 2000). 

Inhomogeneity can result in various systematic errors referred to as matrix effects. These 

can arise from the absorption of fluorescence radiation by coexisting elements (causing reduced 

intensity) and enhancement of fluoresence radiation due to secondary radiation from coexisting 

elements (causing increased intensity). Other important systematic errors include primary 

absorption of the source X-ray photons and system dead-time losses which can be significant and 

are unfortunately not always under the control of the analyst. 
The precision and by inference reproducibility of XRF analysis is dependent upon the 

element concentration and the excitation efficiency for any particular element. As a consequence 

of these physical characteristics, for elements under investigation those yielding results well 
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above their limit of detection will generally have a precision of less than + 1%. For other trace 

elements that are near to detection limits precision can be enhanced by extending the analysis 

time period typically yielding a precision of ± 5%. 

Equipment accuracy is normally assessed by the regular use of certified standard 

reference materials and calibration is achieved by measuring the intensities of these standards to 

establish response curves (Croudace and William-Tborpe, 1988). Matrix effects are also 

commonly taken into account and correction for such anomalies is normally reliably rectified by 

computer algorithms that compensate for such interferences. These are generally provided by the 

manufacturer and included in any purchased package of equipment (Philips Analytical Services 

XRF Information Sheet, 2000). The preparation proceedure for XRF analysis undertaken in this 

study is described in Appendix I and follows the method outlined in Croudace and Williams- 

Tborpe (1988). 

The precision of the analyses were routinely monitored by comparing a range of standard 

reference materials (typically USGS; MAG-1 marine shale) run prior to and following the range 

of samples. Precision for major elements was less than 2% with occasional samples showing error 
in the order of < 4%. For trace element data precision was generally of the order of 5%. 

During the preparation of some sediment sub-samples, most notably those from the basal 

sections of cores, the distinct coarse fraction required extra attention with regard to obtaining the 

desired rock flour consistency. Due care was, therefore, taken to adequately grind these samples 

to minimize potential error and damage to equipment. In some cases intact samples that had been 

run and appeared upon closer inspection to be insufficiently homogenous were reground and run 
for a second time and the results compared. In most cases differences of generally less than 3% 

total concentration of certain elements were noted (data not shown) and are considered to be 

reflective of the extra grinding time expended on these samples. The data from the second 

analysis derived for such samples has been included in the tables of geochernical results for all 

cores and these data can be found in Apendix 4. 

3.5: Geochemical. data manipulation: Normalization 

The procedure of normalizing geochernical data arises from the requirement to take 

account of mineralogical variations within sediment samples that result from grain-size effects. 
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Sediment grain size is possibly the single most important physical factor that controls the 

distribution of trace elements and contaminants within estuarine and coastal sediments (Loring, 

1992). In order to make direct comparisons between sediments and sub-samples thereof, it is 

necessary to assess whether or not differences in bulk concentration are due to variation in the 

abundance of the detrital mineral phase. This leads to the phenomena of the 'constant sum 

problem' in sedimentary geochemistry further discussed by Rollinson (1992). 

A variety of normalizing techniques have been developed ranging from trace metal 

analysis of a specific grain size fraction of the sediment (e. g. Ackermann et al., 1983; O'Reilly 

Wiese et al., 1995), use of regression curves based upon grain size, surface area or conservative 

elements (e. g. Salomons and Mook, 1977; Ackermann, 1980; Loring, 1990) and calculation of 

ratios of trace elements relative to conservative elements (e. g. Din, 1992, Thompson et al., 1995, 

200 1; Cundy et al., 1997). A review of these methods can be found in Rae (1997). 

This latter method has received much attention particularly in studies undertaken in 

marine and coastal environments. Within such settings Al and other conservative metals such as 

Rb and Li have proven to be effective in the quantification of anthropogenic inputs of heavy 

metals (Loring, 1990; Grant and Middleton, 1993 Croudace and Cundy, 1995; Cundy and 

Croudace, 1995). 

In some studies caution has been advised in the use of a normalizing method (particularly 

conservative metals such as Al) within heavily industrialized locations (e. g. Cearreta et al., 2000). 

Similarly, the use of Al has been questioned in studies undertaken within coastal settings in 

proximity to formerly glaciated igneous terrains (Loring, 1991). In the latter case the concern 

regarding the use of Al surrounds the fact that natural trace metal concentrations may not always 

vary with changes in grain size and mineralogy in such sediments owing to the presence of 

significant quantities of feldspars containing alumino-silicate minerals (Loring, 1991). However, 

the study by Gallagher et al. (1996) investigating the trace metal content of Northern Irish coastal 

marshes, does implement a normalizing method based upon the technique outlined in Ackermann 

et al. (1983). From the published literature it would seem that there is no universally applicable 

technique for normalizing trace element data (Rae, 1997). As a consequence individual studies 

must be considered on their own merit with regard to the environmental setting and background 

geology, the degree to which anthropogenic input may have influenced the locality and equipment 

availability and overall cost of the analysis. A simple method of assessing elevated concentrations 
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of heavy metals is through direct comparison with the background geology (e. g. Cearreta et al., 
2000) or where available geochemical survey data of the surrounding or regional geology. 

In the present study geochernical data has been determined from X-ray fluorescence 

spectrometry (XRF). This technique has provided a wealth of accurate data pertaining to trace 

element concentrations within the four sediment cores analysed. Contained within the data are 

values for Al and Rb, two metals which are routinely employed as normalizing elements. X-r-f 

analysis does not provide the capability for determination of Li suggested by Loring (1991) as 

being superior to Al within formerly glaciated areas for normalizing purposes. 
The geology of the four study sites are distinctly diverse from one another (see relevant 

sections in Chapter Four) and as a consequence the normalizing procedure will be discussed in 

detail with reference to the use of Al and Rb at individual sites. Addtionally, comparison with 
background levels of trace elements will also be undertaken at each site from published data for 

the Argyll region (British Geological Survey, Regional Geochernical Atlas, Argyll, 1990) 

providing a method with which to assess trace element concentrations in the coastal wetlands of 

this part of western Scotland. 

3.6: Determination of organic carbon content: Loss on ignition analysis (LOI) 

In many environmental investigations the routine determination of carbon, content within 

sediments has been undertaken ( e. g. Hatton et al., 1983; Grimshaw, 1989; Bierman et al., 1997; 

Brezonik and Engstrom, 1998). Carbon can be divided into two distinct fractions the first of these 

being organic carbon (i. e. the remains of plant and animal tissue incorporated into the sediment 

matrix. The second of these two fractions is the inorganic fraction which largely comprises the 

amount of calcium carbonate present within the sediment matrix (Dean, 1981). Both of these 

fractions can be determined via the measurement of weight loss following ignition (Dean, 1974) 

of a sub-sample of sediment from for example the depth increment of a sediment core under 

investigation. 

This method is fairly straightforward to implement however it is important to understand 

that the accuracy of the LOI technique is dependent upon both the concentration of organic matter 

present and the composition of the sediment (Boyle, 2001). Problems arise as a consequence of 
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the percentage of structural water that can be contained within the mineralogical fraction of 

sediments (mainly clay minerals). Boyle (2001) draws attention to the fact that some clay 

minerals can contain as much as ten weight percent structural water. When samples such as these 

are heated during the ignition process this water is progressively released from the mineral lattice. 

As a consequence any sediment recording an LOI value of around 10 weight percent need not 

necessarily be indicative of the presence of organic carbon. This problem has been previously 
discussed by Mackereth (1966) who highlights a significant discrepancy between the actual 

carbon measured by instrumental carbon analyser and the values obtained via the LOI method. 
Ball (1964) suggests that a lowering of the ignition temperature (maximum = 375 OQ 

offers a suitable means of minimizing this problem. However, Boyle (2001) highlights the fact 

that at this temperature not all the organic carbon will necessarily be combusted. 
Salt-marshes develop at the land-sea interface in inter-tidal lowland settings. As such 

organic carbon will be present as both autochthonous material (e. g. Hatton et al., 1983; Cundy 

and Croudace, 1995), derived from the in situ growth of haolphytic plant species and an 

allocbthonous component (e. g. Craft et al., 1991; Bierman et al., 1997), derived from both 

freshwater and marine aquatic transport processes and subsequent incorporation into accreting 

sediments. Diagenetic (post-burial) processes will also act to affect the below ground organic and 

inorganic carbon concentration (Rae and Allen, 1993; Reddy and D'Angelo, 1995). 

In the case of estuarine and salt-marsh sediments near-linear relationships have been 

established between organic carbon and measurement via LOI determination (Cundy, 1994; 

Lewis; 1997; Turner, 1999). Comparison with total carbon elemental analyser techniques further 

support the use of the loss on ignition technique as a proxy method for organic and inorganic 

carbon determination. Boyle (2001) recommends that LOI investigations should be viewed from 

the standpoint of compromise in relation to the focus of the investigation and that further more 

expensive analysis may only be required where extremely low LOI-derived organic carbon results 

are obtained and only if this is a definitive requirement of the investigation. 

In the present study organic and inorganic carbon determination has been undertaken via 

the LOI method and full details of the technique relevant to this study are outlined in Appendix 1. 
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3.7: Microfossil investigation of saltmarsh sediments: Diatom analysis 

Diatoms amongst other distinct microfossils (Foraminifera, Ostracods and Testate 

Amoeba) have provided the ecologically based methodology with which assessment of Late 

Quaternary changes in coastal salinity has been developed (van de Plassche 1982). 

Many diatom taxa are recognised as being tolerant or otherwise of variable saline 

conditions experienced within coastal settings. Within the confines of taxonomic and reliable 
habitat data many diatom species are now classified according to their sensitivity to varying salt 

water conditions (Hustedt, 1957; Simonsen, 1962,1969; Hendy, 1964; van de Plassche, 1982; 

Shennan et al., 1983; Vos and de Wolf, 1988a, 1993a; Denys and de Wolf, 2000). 

The classification of salinity follows the scheme developed by some of these authors and can 

generally be described as: 

1) Polyhalobian (generally consisting of marine species which can tolerate salinity at 

and above 30 parts per thousand (0 /00)). 

2) Mesohalobian (those species that can tolerate brackish waters ranging from 2-30 0/00) 

3) Oligohalobian (consisting entirely of freshwater species with tolerance of salt at levels 

less than 2 0/00 and finther divided into halopbillic and indifferent classes) 

4) Halophobous ( consisting of true fresh water species that are totally intolerant of any 

salt), (adapted from van de Plassche, 1982). 

This generally accepted classification has been the subject of alteration in the past, for 

example the reclassification undertaken by Patrick and Reimer (1966) who simplified the groups 

by including halophillic, indifferent and halophobic classes into the Oligohaloblan group. Further 

methodological development has been the subject of reviews by Shennan et al., 1983, Palmer and 

Abbott (1986) and Vos and de Wolf (1988a; 1993a). 

The application of diatoms using this classification scheme to investigations of coastal 

palaeo-environmental change has received very wide coverage by a multitude of authors from 

sites around the world (e. g. Simonsen, 1969; Denys, 1982; Stabel, 1982; Tooley, 1982; van de 

Plasschc, 1982; Eronen et al., 1987; Palmcr and Claguc, 1991; Long, 1992; Platcr and Shennan, 
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1992; Hemphill-Haley, 1995a; Vos and de Wolf, 1993b; Denys and Bateman, 1995; Zong and 
Tooley, 1996, to name but a few). Studies of coastal evolution in Scotland have been no 

exception with diatom-based investigations contributing significantly to the abundance of 

published data that has utilised bio-stratigraphical techniques (e. g. Robinson, 1982,1993; 

Haggart, 1986,1987; Smith et al., 1992; Shennan et al., 1994a, 1995; Dawson, 1998; Smith et al., 
1999; Selby et al., 2000). These studies have attempted to constrain the movement of relative 

sea-level by identifying distinct taxonomic variation with depth indicative of salinity changes 

resulting from either trangressive or regressive sea-level tendency. 
As with other microfossil-based investigations, the use of diatoms can be prone to mis- 

interpretation if suitable consideration is not given to key thanatocoenose in fossil/sub-recent tidal 

environments (Brockman, 1940 cited in: Vos and de Wolf, 1988). Hence, the influence of 

autochthonous versus allochthonous species identified in sedimentary sequences is vitally 
important to the interpretation of the localised palaeo-enviromental conditions (Beyens and 
Denys, 1982). Autochthonous species will be indicative of coastal environmental change that has 

taken place in a particular locality. Such species are likely to be predominately benthic taxa 

occuring in sufficiently high density to be considered typical of a well-defined environment 
(Simonsen, 1969). Allochthonous species on the other hand, will be more indicative of 

environmental conditions within the surrounding area (Unig, 1983) and may be derived from the 

influence of fluvial input or transportation of benthic and planktonic taxa from neighbouring 

coastal environments. 
Other physical and chemical environmental factors can also exert a significant influence 

upon the ratio of autochthonous and allochthonous taxa present in coastal palaeo-sediments 
(Simonsen 1969). Diatom frustules are constructed from silica which is precipitated from the 

water column during the life cycle of the organism. Generally, within low energy sedimentary 

environments the frustules of diatom taxa are found well preserved owing to the rigidity of the 

valve structure and resistance to chemical dissolution following burial. Where breakage and 

dissolution are considered to have influenced the assemblage record (Andrews, 1972, Beyens and 

Denys, 1982), care is needed in the counting procedure and measures must be uniformly 

implemented in attempts to accurately document species assemblages (Beyens and Denys, 1982; 

Batterbee, 1986; Flower et al., 1993). Predation is also a factor considered by Romeyn and 
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Bounian (1983) to exert an influence on recorded assemblages from coastal estuarine 

environments. 
As a method for recording sea-level changes, diatom analysis has proven to be a powerful 

and valuable biostratigraphic tool providing information regarding salinity fluctuations in 

conjunction with appropriate dating methods applied to coastal sediments (usually 14C). More 

modem-day studies are now focusing on contemporary coastal wetland sediments and in 

conjunction with powerful computer-aided statistical methods identification of discrete species 

zonations in terms of water depth and marsh hydroperiod are facilitating improved interpretations 

of palaeo-water depths in older Holocene coastal sediments ( Zong and Horton, 1998; Gehrels el 

al., 2001). 

Diatom analysis is a reasonably straightforward analytical process involving sub-sample 

pre-treatment processes to remove unwanted organic material. The sample is then centrifuged and 

a small volume of the clear aliquot is carefully pipetted onto a cover slip. This is allowed to dry 

and is then mounted onto a microscope slide using Naphrax solution (Battarbee, 1986). Prepared 

slides are then examined under a light microscope at xIO00 magnification or greater. The diatom 

species assemblage can then be assessed and for sea-level research this entails counting a 

representative coverage of the slide (typically 200 - 500 species per slide) or the entire slide if 

valves are not seen in abundance. Species assemblages are then expressed as a percentage of the 

total counted from each individual slide (Tooley, 1982; Dawson, 1998). A full account of the 

preparation and analytical procedure is summarized in Appendix 1. Various computer software 

packages are available for the plotting of microfossil data and in this study the package derived 

from pollen studies referred to as TILIA Version 2 incorporating the CONISS total sum of 

squares cluster analysis has been employed to aid in data presentation. 
In this study diatom analysis has been applied to the core extracted from the head of Loch 

Etive, one of two loch-head sites situated within mainland Argyll. The stratigraphy of this core 

revealed the presence of a 12 cm thick organic-rich, black, coarse sandy unit and as such it was 

felt that diatom analysis would provide detailed information regarding the provenance of this sub- 

unit and hence aid in the interpretation of the depositional history of this marsh core. 

The diatom stratigraphy of this core is presented in Chapter 4. 
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3.8: Aerial Photography 

To compliment the analytical techniques air photographs covering the locations of the four study 

sites have been purchased from the offices of the Royal Commission on the Ancient and 
Historical Monuments of Scotland (RCHAMS). These cover three distinct time periods over the 

past sixty years or so. The earliest set are derived from former Lufftwaffe fly-overs taken towards 

the end of the second world war in 1945-46. Although not of high quality sufficient 

geomorphological features can be identified to make these of use. The second set of images 

derive from Royal Air Force reconnaissance flights during thel960's and images for each site 
have been obtained over the period 1966-1967. These are generally of good quality with shadow 
interference at the head of Loch Etive being the most significant detrimental effect. The most 

recent images are also derived from RAF and RCHAMS activities and were all taken during 

1988. These are also of good quality especially those covering sites on the Isle of Mull with 

mountain shadow at the head of Loch Etive again being the only major detrimental problem. 
These images have proven useful in aiding site description and indicating both the 

topographical setting of the individual study sites whilst also helping to indicate key 

goeomorphological features of the site locations and the contemporary marsh morphology. 

3.9: Instrumental Levelling 

At all the study sites the accurate determination of the individual core altitudes was 

undertaken to help provide data relating to the height of the sediment cores relative to Ordnance 

Datum Newlyn (ODN) and to provide a means of assessing the altitude of any particular core 

relative to the tidal range derived from the nearest tidal gauge stations (see Chapter 4). 

Measurement wag achieved using a Leica 700 TPS EDM total station set up at each site to 

measure the altitude of all sedimentary sequences abstracted from the four sites. 

Accurate determination was further facilitated following purchase of 1: 10000 scale 

Ordnance Survey maps from which bench mark data could be obtained. Some of these sites are 

quite remote and have not been surveyed since the 1955 Ordnance Survey of Great Britain. As a 

consequence some bench marks proved very difficult to locate and resulted in leveling of 

temporary benchmarks in order to obtain the required data which constitutes the first of four 

100 



Chapter 77iree 

sections highlighting the results obtained from the analysis of the Argyll marsh cores. Core 

altitudes relative to ODN are included in the following chapter 

3.10: Determination of Study Sites 

Initial reconnaissance for potential contemporary marsh sites within the Western Highlands 

followed examination of the 1: 25000 scale Ordnance Survey maps, reference to recently reviewed 
isobase maps (Smith et al., 2000) and consultation of MAFF. Report No. ES23 (Pye and French, 

1993). Potential field site locations across the Firth of Lome region( shown in Figure 4.1) were 
investigated to establish the presence or otherwise of significant contemporary coastal marsh 
development at a number of locations. This area of Argyll has been previously investigated from a 

geomorphological standpoint by Gray, (1972 and 1974a) over 30 years ago. The work of this 

author was one of the earliest published research papers to demonstrate the presence of the uplift 
dome and hence, differential crustal uplift across the Scottish mainland based upon the analysis of 

raised shoreline features within the area (see Figure 1.1). 

Considerable coastal wetland development was observed at a number of different locations. 

These included coastal marshes of variable extent at the head of some of the large fjords on 

mainland Argyll. Sites on the Isle of Mull were also visited to assess the potential for inclusion in 

the project. Two sites were identified situated on the south-east side of the Isle of Mull at Loch 

Don and on the western side of the island at the Head of Loch Scridain where extensive marsh 

development had been previously reported (Prof. M. J. Tooley, personal communication). 

Study sites were eventually selected on the basis of overall marsh development with 

preference being awarded to those sites with adequate areas of 'high - marsh' (mature) 

sediments. Sediment sequences of this nature are critical in terms of evaluating the relationship 

between coastal marsh morphodynamics and the response of salt marsh environments to relative 

sea-level movements (Pethick, 198 1; Allen 1990). 

The final selection of suitable study sites facilitated the construction of a transect 

extending across several isobase contours (Smith et al., 2000; Figure 3.10) in a coastal region 

characterised by maximum uplift for the Main Postglacial shoreline. This decision was based 

upon the rationale that it might be possible to identify the signature of recent differential relative 

sea-level changes across the study area from ongoing crustal movements derived from the 
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Figure 3.10: Isobases for the Main Postglacial shoreline in Scotland based upon 
quadratic trend surface analysis (after Smith el al., 2000). The line A-13 represents 
the transect across these isobases from selected contemporary rnarsh sites across the 
Firth of Lome investigated in the present study. 
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measurement of sediment accretion on the surface of mature marsh environments. The proposed 

reversal of the trend in recent relative sea-level as predicted by the model of Pethick (1999) might 
be recorded by an increase in the rate of sediment accumulation upon the surface of these marsh 

environments. 
The site at the Head of Loch Etive is considered to be an important site in terms of the 

project aims being a potential sea-level research location in close proximity to the hypothesised 

centre of uplift and maximum ice thickness within the Western Highlands, formerly centered over 
Rannoch Moor some 20 Ian to the north-east of this site (Gray, 1974). 

3.11: Sediment Core Acquisition 

Field-site investigations coupled with reference to published literature have provided 

some extra detail concerning the longer-tenn coastal evolution at the selected study locations. At 

each site ground truthing and manual investigation of the marsh sub-surfacc using an extendable 1 

metre investigative coring device formed the basic approach used to identify suitable sampling 

sites (i. e. identification of low and mature areas) for extraction of marsh cores. Additionally the 

use of field and aerial photographs assisted with delimiting inter-site low and high marsh 

environments. Marsh zonation has also been shown to be a function of the geomorphological and 

ecological response to tidal inundation periodicity and altidudinal position of location on the 

marsh surface relative to the tidal frame (Pethick, 1982; Reed, 1995; Allen, 2000). 

Sediment cores were collected by manually excavating a small area to leave an in-situ 

monolith of the sequence with three sides exposed. The unprotected surfaces were then cleaned 

and in-situ core photographs taken along with a field log of the sediment monolith. 

Final extraction was achieved via emplacement of a previously cleaned section of plastic 

guttenng against the vertical sequence. Careful incision vertically down the core depth on the 

remaining attached side accompanied by gradual tilting of the monolith sequence proved to be an 

effective method with which to separate the monolith from the surrounding sediments. Following 

successful extraction the cores were then carefully sealed with 'cling-film' wrapping and labeled 

in preparation for transport back to the laboratory. In order to provide for some insurance against 

transit or other possible damage to the integrity of the extracted cores a minimum of two 

monoliths were taken from various suitable sampling locations across the salt-marshes at each site 
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Once back at the laboratory individual cores were logged in detail and digitally photographed 

prior to the commencement of sample preparation. 
Logged cores where then sliced at lcm. intervals and the entire one cm slice obtained 

was oven-dried for a minimum of 48 hours at 450C. Representative sub-samples from each slice 

were then taken for the various analytical methods. Approximately 2 grams was used for 2 10Pb 

with a further 20 gains used for gamma spectrometry. A minimum of 3 grams of dried sediment 

was used for LOI determination and this material was retained for major clement geochemistry. 
Trace element geochernistry required at least 10 grams of ground oven-dried sediment. In many 

cases this constituted material derived from post-gamma spectrometry. Microfossil slide 

preparation required a lgrarn representative sub-sample. Any remaining oven-dried sediment 

was retained and archived. 
The results derived from the physical field site surveys, core extraction and the various 

analytical methods outlined earlier in this chapter are now presented in the following four results 

chapters which focus on the specific aspects of the study highlighted in Chapter One. 
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4.1: Introduction 

Chapter Four constitutes the first of four sections of the thesis which present in detail the 

various different facets of the research undertaken in the interpretation of contemporary coastal 

wetlands situated in Western Scotland. 

In this chapter a concise overview of the four study sites and their environmental context 
is given and this is followed by a comprehensive presentation of the sediment logs with 
description of the core material. 

Major element geochemistry data (element oxides) are presented for each sediment core 

and used as a proxy for ascertaining the compositional variability and detrital sediment dynamics 

within the four marshes studied. The trace element compositional data is also introduced here to 

give a complete perspective regarding the overall sediment composition. 
Cluster analysis of the geochernistry raw data (using the TILLIA software program, 

Grimm, 1991) provides a means of assessing geochernical zonation in relation to the 

compositional variability described in the sedimentary logs. 

Inclusion of a detailed microfossil (diatom) analysis for the core from the head of Loch 

Etive is presented and used here to facilitate a more comprehensive insight into the depositional 

history of this in light of the more complex stratigraphy recorded in the sediments of this marsh. 

4.2: Geographical location of the study sites 

The four research sites are located on the western and south-eastern coasts of the Isle of 

Mull and across the Firth Of Lome situated on mainland Argyll. These are shown in Figure 4.1 

and the grid reference based upon Ordnance Survey of Great Britain 1: 25000 scale maps is 

presented below. 

OS Reference (1: 25000 Scale) 

Isle of Mull: West: Head of Loch Scridain NM 542286 

East. Upper Loch Don NM 724323 

Mainland Argy-11: Head of Loch Creran NM 208451 

Head of Loch Etive NM 114453 
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4.3: Tidal data for the study region 

Longer--term tide-gauge data for Western Scotland is relatively sparse when compared 

to other coastal regions of Northern Europe. The Firth of' Lorne region is no exception to this 

general trend. However, the implementation of some very recent tidc-gaugcs has occurrcd at 

several locations within the study region (Figure 4.1 ) and these provide sonic Indication of the 

tidal range in close proximity to the selected study sites (Table 4.1 ). 

'ride Gauge ridal 
MIJWS MHWN MLWN MIMS I lange Site 

1011a 
4.0 3.0 1.50 0.50 3.50 

(Western Isle Ot"Mull) 

Craignure 
' 

4.0 3.0 1 70 0.60 3.40 
(Fastern Isle of Mull) . 

Oban 4.0 2.90 1.80 0.70 3.30 
(mainland Argyll) 

Port Appin 4.20 3.10 1.90 0.80 3.40 
(mainland Argyll) 

Bonawe 2.20 1.20 0.50 0.20 2.00 
(central Loch Dive) 

Table 4.1: Tidal ranges for selected tide-gauge stations from Western Isle of' Mull across the Firth of 
Lorne to mainland Argyll. All heights and ranges given are in metres 01). (Data from Belfield Tideplotter 

version 3.1,2000). 

Mean tidal range at Loch Scridain, Loch Don and Loch Creran rangc from 3.4 in OD to 

3.50 m OD. However the mean tidal range at Bonawe central Loch Etive is -2 in OD. The 

discrepancy in tidal ranve between the gauge inside Loch Ftive compared to that from outside 

Loch Etive within the Firth of Lome e. g. at Oban results from the effect on tidal range caused 

by the presence of the Falls of Lora at Connell Bridge and the submerged rock plad'61,111 

associated with the restricted entrance to Loch Etive. 

The tidal range data further aided the selection of coring sites from mature marsh 

settings at the four locations. Final selection of Individual core sampling sites followed field 

visits timed to coincide with spring tides. This facilitated an assessi-ncnt of the extent of tidal 
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incursion over the Highest Water Ordinary Spring Tides (I I. W. O. S. T) period across the marsh 

surface. Additionally, actual sampling sites were visually observed during such conditions using 

surveying ranging poles and the flooding characteristics of' each sampling point in relation to 

marsh inundation could also then be assessed. 

4.4: Marsh core elevations from the four sites 

All core sites were leveled to Ordnance Daturn Newlyn using a Lelca research surveying 
level relating all measurements to a standard bench-mark height. These wcrc dclerinined from 

the I : 10000 scale Ordnance Survey maps of the four site locations. Reduced level altitudes of 

all cores from the four sites are shown in 'Fable 4.2 bclow. 

Study Site Location Core ID Surface Altitude (m (). D) 

Core 1 1.716 

Loch Scridain Core 1.927 

Core 3 1.7S7 

Core 1 1.962 

Loch Don Core 3 1.744 

Core 4 1.886 

Loch Crcran 
Core 1 1.869 

Core 1 1.659 

Loch Efive 
Core 1 1.141 

Core 2 1.318 

'Fable 4.2: Altitudes in m O. D. Newlyn of all cores abstracted from the study sites in Argyll. The grey- 
shaded core numbers and measured attitudes indicate the sequences used for further analysis in this study. 

4.5: Major element geochemistry and core detrital composition 

The inorganic component of' sedii-ncntary matcrial supplied to a inarsh surltice ", III 

ultimately be derived from a combination of both physically weathered substrate dclivcrcd via 

fluvial transportation and that derived frorn marine sources (allocthonous sediment). As such the 
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variability of the inorganic sedimentary composition can be revealed used to make inferences 

concerning the core composition and sediment provenance based upon the relative abundance of 

individual elements, their down-core distribution and association with other inorganic 

components and organic content. Major element abundances are recorded as oxides (according 

to XRF convention) and include silica(Si02). titanium (TiOA aluminium (A1203), iron (Fe02). 

manganese (MnO), magnesium (MgO), calcium (CaO), sodium (Na20), potassium (K20) 

phospherous P205 and sulpher (S03)- These major constituents marsh core have been 

determined for the four marsh core profiles examined. Elements such as Al and K serve as useful 

proxies for fine sediment whereas Si and Ti are more closely associated with the coarse material. 

Fe, Mn and S will also be associated with the detrital phase but the distribution of these elements 

is also mediated by early diagenetic reactions (see Chapter Six). Mg and Ca may represent 

biogenic material incorporated into the sediment matrix whereas Na and P are likely to 

associated with the above and below ground organic accumulation. 

Trace elements form an important component of all estuarine sediments and inter-tidal 

saltmarshes are no exception to this. The distribution of these components can also be influenced 

by a variety of different physical and chemical processes that occur within estuarine 

environments (e. g. detrital inputs, association with marsh organic material and post-depositional 

inorganic/organic chemical reactions). Some of these may act alone and therefore solely control 

trace element distributions. However, owing to the complex chemistry of estuarine waters this is 

very seldom the case and usually the behaviour of trace elements is controlled by a number of 

processes which are in turn influenced by the environmental gradients particular to any one 

estuary. These are discussed further in Chapter Seven. 

The down-core profiles of major element constituents from the four cores are now 

discussed in the following sections. At the end of each core sub-section trace element profiles 

are presented. Statistical analysis of the distribution of both major and trace elements enables a 

general comparison of the down-core compositional variability derived from the measurement of 

inorganic and organic components of marsh core sediments. Inferences regarding sediment 

provenance and inputs to the marsh are examined by means of regression correlation undertaken 

on the major element and LOI data. 
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4.6: The Isle of Mull: Geology and Environmental Setting 

The Isle of Mull contains the most complex assemblage of volcanic and sub-volcanic 

rocks in the British Tertiary Volcanic Province (Figure 4.2). Older rocks outcrop at certain 
localities. The oldest of these are the Lewisian Gneisses which underlie Mull and outcrop on the 
island of Iona to the west. In the north-east and to the east of Fionnphort, Moine metascdiments 
that were intruded by the late Caledonian Strontian granite are evident. In the south east of the 
island rocks of Dalradian age including black limestone and grey phyllites can be seen within the 

upper regions of Loch Don where Devonian Lavas are also present. Narrow strips of Tertiary, 

Jurassic and Cretaceous sediments are evident on the south and east coast of Mull around Loch 

Buie and within the Duart Bay and upper Loch Don area. 
Undoubtedly the geology of Mull is dominated by the extensive series of plateau lavas. 

Richey et al. (196 1) describe these as being "the most complete sequence of plateau lavas within 

the Inner Hebrides". They consist largely of basalt and in several locations several steps 

representative of individual lava flows eniminating from the early intrusive and pyroclastic 

centre of Glen More may be seen. These are especially well developed on the Ardmeanach 

peninsula (Gray 1973). The centre of Mull is also dominated by the series of igneous intrusive 

rocks that derive from the former caldera. This later centre of volcanicity shifted on two 

separate occasions moving first to the north-west around Beinn Chaisgidle followed by a second 

shift to the Loch Ba area where a significant ring dyke of felsite has been intruded forming a 

complete ring fault that surrounds the former final caldera position. 

4.7: Loch Scridain (south western Isle of Mull) 

4.7.1: Site Description and environmental setting 

Loch Scridain is situated on the western side of the Isle of Mull and represents a fjord 

with open access to the Atlantic Ocean some 26 km. in length and 3 km. wide at the seaward 

extremity (Figure 4.1). At the head of the fjord the rock outcrop "Aird of Kinloch, " consisting 

predominately of extrusive basalt with N-S trending dykes of mugearite, benmorite, dolerite and 

early basic olivine rich dolerite and craignurite, forms a topographic constriction at which point 

the upper part of Loch Scridain leads into Loch Beg (Figure 4.3). At low tide the easternmost 

section of this outcrop is exposed. Landward of "Aird of Kinloch" the sheltered area of "An 
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Lcth-onn" consists of tidal flats that grade into extensive sands/muds and Late Holocene coastal 

peat sediments (Figure 4.3). Freshwater input to the Head of Loch Scridain is derived directly 

from the Ben More catchment via the river Colladoir, the source of which is located some 7-8 

km inland in towards the centre of the Mull igneous province at the head of Glen More (Figure 

4.3). 

Field site investigations around the upper marsh area landwards of the tidal strand-line 

resulting from highest water ordinary spring tides (H. W. S. T) were undertaken using aI metre 
hand corer to try to ascertain the nature of the up-shore substrate. At nearly all locations, in 

particular the area immediately above the coastal road and below the 10 m contour line at 

altitudes of <8 in, coring revealed a stratigraphy consisting of an upper unit of dark organic-rich 

peat underlain by sands and gravels. This basal substrate was generally more rounded than 

material present in both the Coladoir river bed and the contemporary inter-tidal sand/mudflat 

areas (Figure 4.3). This suggests that the up-shore area skirting the present-day marsh at the site 

may have been a former beach consisting largely of coarse sand and shingle during the Mid to 

Late Holocene when relative sea-levels were higher than at present. Certainly the outcrop of 

'Aird of Kinloch' would not have afforded the same degree of protection fr om incident wave 

energy during such periods. The covering of peat negates the identification of any discerriable 

beach morphology related to this deposit. Conversely, to the east of the bridge crossing the river 

Coladoir and set in an area of low-lying topography (< 10m) somewhat delineated from the 

contemporary marsh by a north-trending outcrop of Mugearite lava is a present-day freshwater 

wetland referred to as the Colladoir ýog. 

Although difficult to access some investigative coring was undertaken in Colladoir Bog 

and revealed a stratigraphy in marked contrast to that found in the more exposed area above the 

present-day high water mark. All the cores have an upper unit of very organic-rich peat of 

variable thickness which grades into an underlying unit of more clay rich silt with less organic 

content. Beneath this exists a basal unit of coarse sands and gravel. The general stratigraphy is 

very similar to that recorded in the present-day salt-marsh and may represent a former pocket- 

marsh characteristic of contemporary sea loch-head environments within Western Scotland. It 

is possible that this small relict marsh was formed at the same time as the buried beach deposits 

when higher relative sea-level would have permitted sea water to enter the area and deposit re- 

worked material into the embayment although radiocarbon ("C) dating would be required to 

provided more conclusive evidence. 
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The present-day estuarine morphology at the head of Loch Scridain exhibits two distinct 

lower tidal channels which develop into meandering channels within the marsh interior where 

the major extent of coastal wetland sediments have developed (Figure 4.3). The characteristic 

geomorphology of the marsh at this site indicates the dominance of tidal current energy and 

interaction with fluvial processes. These both influence sediment deposition and erosion. 
Investigative coring of the present inter-tidal sediments identified a variable thickness of 

coastal peat (maximum 76 cm. depth) overlying coarse sand and gravels. These clastic deposits 

may be largely fluvial in origin linked to the formation of channel bars and small deltaic features 

which show evidence of tidally-induced re-working (Figure 4.3). 

The intertidal area of the present-day marsh is dominated by the halophytic species 

Plantago maritima with swards of Glaux maritima and Juncus gerad! more prevalent towards 

the seaward 
* 
edge of the vegetated surface. Armeria maritima, Agrostis stolonifera and 

Triglochin maritimum form the bulk of the early colonizing vegetation more prevalent upon the 

sand/mudflat environment. A fairly distinct zonation between lower (immature marsh) and 

higher (mature marsh) is discernable based upon air photographic evidence where the high 

marsh appears as a lighter grey surrounding the upper marsh areas (Figure 4.3). 

4.7.2: Core sedimentology 

Three cores in total were extracted from the marsh at the head of Loch Scridain and the 

position of these is indicated in Figure 4.3 and Figure 4.4. Also shown in Figure 4.4 is an inset 

image demonstrating the method used for extraction of the core monolith. A laboratory digital 

photographic image of the core from this site is shown in Appendix 3.1. A detailed sedimentary 

log with description of the core composition is presented in Figure 4.5. 

The core consists of an upper unit of dark-brown peat with abundant rootlets, some fine 

to medium sand present throughout and some small clasts of very angular pebbles at discrete 

depths. This unit extends to a depth of 57 cm. and within the lower 18 cm the sediment consists 

of a more clay-rich material which was noticeably less water-logged and compact. Contact with 

the underlying unit is quite diffuse and is indicated more adequately by the increased content of 

fine to medium gravel present in the basal unit. This becomes coarser where at the very base of 

the core the gravel is quite large and angular (maximum measured long-axis = 27 cm; Figure 

4.5). 
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Chapter Four 

4.7.3: Major element geochemistry 

The major element geochemistry raw data for the Loch Scridain core is shown in 

Appendix 4.1 and the down-core depth/elemental abundance profiles for these oxides indicating 

the general core composition are shown in Figure 4.6. A strong degree of homogeneity is 

illustrated by the profiles of the major elements Si, Ti and K which are shown normalized to Al 

to take account for differences in clay mineral content and variation in sediment composition 
(i. e. the constant sum problem highlighted by Rollinson, 1992; Figure 4.7). 

These profiles show relative constancy with depth down to 60cm below the marsh 

surface with a more pronounced increase in the K/Al ratio occurring at 36cm. and are indicative 

of a consistent record of deposition with little fluctuation in composition of accumulated 

inorganic material over time. The grain size of this material is also interpreted to have remained 

consistent over the period of marsh development. If this was not the case, then the profiles of Si, 

Ti and Zr (data not shown) relative to Al would be seen to increase indicating a coarsening of the 

sediment composition owing to a greater contribution of resistant or heavy minerals such as 

quartz, rutile and zircon relative to clays (Spears and Kanaris-Sotiriou, 1976; Salomans and 

Mook, 1977). This effect is indicated at the very base of the core where the material becomes 

coarser within the fluvial sandy/gravel deposits upon which the marsh has developed (Figure 

4.7). 

CaO (wt%) levels are used here as a proxy measurement for CaC03. These remain fairly 

constant down to a depth of 38 cm and may be indicative of little dissolution of CaC03 within 

this section of the core. This process has been reported in other salt-marsh environments 

(Thompson et al., 2001) owing to more acid conditions prevailing within the pore waters of the 

oxic zone of recent sediments (Froelich et al., 1979). Residual levels down to this depth are <6 

wt %. At depths greater than 38 cm CaC03 values increase steadily reaching levels of <9 wt % 

at 60cm. This increase is likely to be due to the formation of authigenic carbonate owing to 

increased pore-water alkalinity as a response to the consumption of sulphate in the post-oxic 

zones and formation of metal sulphides (Gaillard et al., 1989). Conversely, this may also result 

from dissolution in the upper part of the core. 
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Chapter Four 

4.7.4: Organic matter, core composition and chemical zonation 

Two main stratigraphic chemozones were identified using total sum of squares in the 

cluster analysis program CONISS (Grimm, 1991). The plots of major element abundance in 

relation to chemozone stratigraphy are shown in Figure 4.8. The two main zones extend from 

the base of the core at 66 cm to a depth of 41 cm ( LSrid A) and from 41 cm to the marsh surface 
(Lsrid B). Additional sub-zones were also identified and are presented within the same figure. 

Detailed analysis of these sub-zones reveals that in the basal section of the core 

corresponding to zone LSrid Al, organic matter (via LOI 550'C proxy) Fe, Ti, Mn, Mg and 

Kare all enriched relative to Si, Al and Na. LScrid A2 is characterized by unvarying values of 

Si, Ti, Fe, Mg, Mn, Na and K which show a gradual increase towards the lower boundary of 

zone LSrid B. Over the same depth/zone P and S show a quite marked increase in element 

abundance. Al shows a less pronounced increase in element abundance. This is not mirrored by 

the profiles of LOI and Ca which indicate a reduction over the same the section of the core. 

Within zone LSrid BI Ti, Fe, Mn, P, S and Na profiles increase in element abundance 

with distinct peaks evident in profiles of Fe, Mn, S and P. This is accompanied by a 

corresponding decrease in the values of LOI, Si, Al, Ca, Mg and K These remain more uniform 

and do not show similar evidence of comparative fluctuations. 

In chemozone LSrid BI Fe abundance is maintained at levels above those in LSrid A. 

Mn, S and Na attain maximum values below the boundary with LSrid B2. C,,,, values fluctuate 

significantly within this zone where the lowest core values is recorded at - 6.5 wt %. This value 

then returns to an element abundance value comparable with that recorded in the lower section 

of LSrid B 1. All other major elements are relatively unvariable throughout this sub-zone. 
The upper section of zones LSrid B1 is characterized by unchanged levels of Si, Al, Mg, 

Ca and Na. A slight increase in the abundance of K is mirrored by a similar decrease in Ti. In 

zone LSrid B2 Fe and Mn profiles indicate slight enrichment compared to the basal chemozones 

with P and S also enriched within the near-surface layers (Figure 4.8). 

This corresponds to fluctuating values for organic carbon content within the upper 

decimetre of the core (Figure 4.7). 
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4.7.5: Major element correlations with LOI and Ti 

Correlation of the major element abundance of Al, P, S, Fe and Mn with organic carbon 

content (via LOI 550'C) yields r values ranging from 0.75 - 0.50 (Figure 4.9a and Figure 4.9b, 

and in Figure 4.10). The strong positive association of these elements suggests that minerogenic 

input and post depositional reactions have dominated the historical development of this core 

with reduced input derived from in-situ organic matter production in comparison to other UK 

marsh settings (e. g. Cundy et al., 1995). The strong association between organic carbon and Al 

(r' = 0.75) is most likely to be an artefact of the inclusion of small clay fragments within the 

organic material (Cundy and Croudace, 1995). 

4.7.6: Trace element data from the Loch Scridain marsh core 

Trace elements form an important component of all estuarine sediments and inter-tidal 

saltmarshes are no exception to this. These are often areas at the land-sea interface where 

complex geochemical reactions occur in the accumulating sediments and act as natural sinks for 

both naturally weathered terrestrial material and that derived from marine sources. 
Trace element data derived from XRF spectrometry analysis of pressed powder pellets 

from the Loch Scridain core is presented in Figure 4.11 and the geochemical raw data is shown 

in Appendix 4.2. Examination of the down-core profiles reveal that elements normally 

associated with the fine sediment fraction (e. g. Rb, Y, Nb, V and Ti02) all decline in 

concentration within the upper decimetre of the core (Figure 4.11). The halogen profiles all 

show enrichment within the more organic-rich upper peat section of the core. Trace metal 

profiles also indicate reduced concentrations of Zr, Ni, Cr and Ce within the uppermost ten 

centimetres. As and Pb show similar distributions with enrichment apparent in the upper section 

of the sediment prism indicative of the common association of these elements. 

Similar to the major element zonation (section 4.7.4 and Figure 4.8), two main 

chemozones (labelled A and B, Figure 4.11), are distinguished from the trace element raw data 

from Loch Scridain using the CONISS cluster analysis least sum of squares (Grimm, 1991). The 

boundary between these two zones corresponds exactly with the chemical zonation between 40- 

45 cm depth identified in Figure 4.8. The upper chemozone B2 also corresponds well with that 

derived from cluster analysis of the major element data. This differentiation in the near-surface 
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from Loch Scridain, core I. 
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(a) Element Core Average (r) LOI 

LOI 6.20 
A1203 15.22 0.75 
P205 0.31 0.72 
S03 0.31 0.70 
Fe203 10.82 0.66 
MnO 0.19 0.50 
Ti02 1.41 0.26 
Na2O 3.50 0.13 
K20 1.68 -0.07 
mgo 4.45 -0.57 
Si02 55.72 -0.62 
CaO 6.27 -0.78 

(b) Mement Core Average (r) Ti02 

Ti02 1.4067 
mgo 0.1905 0.49 
MnO 0.1905 0.31 
A1203 15.2235 0.28 
LOI 6.2000 0.26 
CaO 6.2680 0.22 
Fe203 10.8193 0.15 
P205 0.3052 0.04 
S03 0.3122 -0.28 
Na2O 3.4954 -0.36 
Si02 55.7154 -0.40 
K20 1.6831 -0.61 
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Figure 4.10: Core average major elemental abundances and correlation with (a) LOI (550'C) and (b) 
Ti02 (Wt%) as a proxy for detrital input for the Loch Scridain marsh core. 
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sediments is due mainly to enrichment of key trace elements including Cl, S, Mn, Zn, Pb, As and 
Br. More detailed analysis of trace element data is presented later in Chapter Seven of this thesis. 

4.8: Loch Don (south easterm Isle of Mull) 

4.8.1: Site description and environmental setting 

The Loch Don estuary represents a lowland semi-cnclosed estuarine setting situated on 

the south- eastern side of the Isle of Mull (Figure 4.1). From the mouth at Grass Point the main 
tidal channel extends NNW for approximately 1.5 km where, just south of the shoreline at Loch 

Don village, at the island of "Eilean Ban" the tidal channel takes a distinct U-turn to trend SSW 

passing under a bridge (Figure 4.12). This serves as the crossing point from the village to 

Auchnacraig and the Grass Point peninsula. This upper section of the loch up-shore from the 

bridge is called "Leth-fhonn" and represents an area of extensive salt-marsh development which 

grades into grazed peat pasture below the Caledonian igneous outcrop of "Torr, a Bhradairf' 

(Figure 4.12). 

This section of the Loch represents part of a marked syncline extending through the 

south-eastem comer of the Isle of Mull and contains the deeply ice- scoured sea-lochs of Loch 

Buie and Loch Spelve. These are situated to the SW and NE respectively of Loch Uisg which 

contains freshwater. The syncline extends to the north of Loch Don to Duart Bay. It has been 

suggested by Lee et al. (1925), to represent the course of the Great Glen fault on which major 

displacements occurred prior to the formation of Mesozoic and Tertiary igneous rocks (Figure 

4.13). Micro-seismicity continues to be recorded along the course of the Great Glen Fault within 

the area. In September of 1986 a larger magnitude event registering 4.1 ML occurred with the 

epicentre immediately offshore south-east of Craignure Bay within the Sound of Mull. An event 

of similar position and magnitude occurred in early 1998 which registered 4.2 ML indicating 

that this is still an active section of the fault. 

The geology of the area around Loch Don is markedly different to that found in the 

south-west of the island. Here the estuary is situated within bedrock consisting of Dalradian 

schists, black limestones and grey phyllites surrounded by Devonian lavas and younger 

Mesozoic sediments which outcrop to the north of Loch Don and around Craignure (Figure 
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Figure 4.12: 1988 aerial photograph of the Loch Don estuary annotated to show the general 
geomorphology around the estuary. Fragments of the Main Postglacial shoreline identified by Gray (1974) 
are shown as dashed yellow lines. The palaeo-sediment core locations referred to in Appendix 7.1 are 
labelled A and B respectively and the sites from which contemporary marsh cores were abstracted are 
labelled 1- 4 accordingly (source: The Royal Commission for Historical and Archaeological Monuments of 
Scotland, (RCHAMS) Edingburgh). 
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= TERTIARY LAVAS 
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Figure 4.13: Geology of the area around Loch Don south-east Isle of 
Mull, (adapted from Jones, (1997) and BGS Sheet Nos. 44 (W) and part 
of 44 (E)). 
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4.13). Ile outer estuary consists of headlands principally constructed of flood basalt lavas of 
Tertiary age. 

The coastal geornorphology of the Loch Don area has been 
' 
extensively mapped (Gray 

1974), with the most prominent features being the Late Glacial beach situated on the Gorten 

peninsula between Gorten Farm and Duart Castle and the extensive development of the Main 

Post-Glacial Shoreline around the entire outer and inner estuary (Figure 4.12). Moraine and 
kame terrace features have also been identified on the Gorten peninsula and Gray (1974) 

suggests that these have been reworked in places by wave action during the main Holocene 

marine transgression which culminated around 6800-6300 years BP (Sissons, 1983; Smith, 

1997). 

The contemporary marsh at upper Loch Don (Lcth-fhonn) represents an extensive area 

of coastal wetland peat formation which has developed on glacially derived gravel and sands 

reworked by tidal and wave activity. Investigative coring of the present-day marsh surface 

revealed a variable depth of coastal peat with a maximum vertical extent of 52 cm (Figure 4.14). 

The channel morphology within the upper section of the estuary is controlled by tidal 

current velocity which reaches >6 knots during spring tides under the old cattle drovers bridge 

to the south of Loch Don village (Figure 4.12, Mr. S. Rumbole personal communication). 

Channel sinuosity has only formed within the most landward 200 metres of the upper estuary 

where current velocity is attenuated during the tidal cycle. At the banks of some of the upper 

channels and exposed marsh cliff faces some degree of erosion is evident and salt-pans on the 

upper marsh surface show evidence of active sediment deposition and in-filling with 

colonization by lower marsh pioneer species such as Paccinellia maritima, Glaux maritimum 

and Juncus gerardi. 
As surface elevation increases a discrete gradation to the more dominant species 

including Plantago maritima and Agrostis stolonifera takes place over quite short distances (< 

10 metres) from established creek networks and salt-pans. Study of air photographic images of 

the present-day upper marsh area (Appendix 4.2) and ground-truthing undertaken during field 

site work enables some degree of delineation between the lower and upper more mature marsh 

areas. 
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4.8.2: Core sedimentology 

Several cores were initially extracted from various locations around the Loch Don 

estuary (Figure 4.12 and Table 4.2). The position of the sampling sites within the upper estuary 

is shown in more detail in Figure 4.14. This also shows an insert photograph of the core 

monolith prior to extraction. Core 4 was eventually chosen for detailed analysis owing to the 

high inter-tidal location and the level of coastal protection evident in the upper estuary area. 

Incident wave energy affecting this section of the marsh is extremely limited and this suggested 

stable marsh conditions and hence, the likelihood of little physical disturbance to the 

accumulated sediments. 
A laboratory digital photographic image of the core is shown in Appendix 3.2. A 

detailed sedimentary log with core description is presented in Figure 4.15. The core consists of 

an upper unit of brown/light-brown silty clay containing lenses of fine sand extending down to 

11 cra depth. Abundant rootlets are visible in this upper section. These are still present in the 

underlying sub-unit in which the fine sand content increases down to a depth of 27 cm. A further 

underlying sub-unit of more clay-rich material with sandy lenses extends from 27 cm to a depth 

of 35 cm. This unit is darker in colour and grades to a dark-brown/dark grey at the boundary 

with the basal coarse sand and gravel where some angular clasts of pebble-sized material is also 

evident (Figure 4.15). 

4.8.3: Major element geochemistry 

The major element geochemistry raw data is presented in Appendix 4.3 and the plots of 

the major clement down-core profiles are presented in Figure 4.16. Normalized element profiles 

of Si, Ti, and K to Al reveal less homogeneity than seen in the Loch Scridain core (Figure 4.17). 

The Si /Al ratio persists at levels of between 4 and <5 wt % down to 39 cm beyond 

which the level rises slightly to 5.7 wt % within the lower sandy/gravel unit present at the base 

of the core. Similarly, the Ti/Al profile shows near constant levels fluctuating around the 0.08 wt 

% figure down to a depth of 39 cm. whereupon an increase to 0.1 wt % is recorded in the coarser 

sediments at the base of the monolith. The gradual decrease in the ratios of these elements with 

increased height indicates a gradual fining with increased marsh elevation over time. This is 

supported by the K/Al down-core depth profile, which reveals a general increase in the amount 
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of K relative to Al at depths of 16 cm and 39 cm respectively and is indicative of more K-rich 

clay material being deposited on the marsh surface over time. The dry bulk density down-core 

profile indicates very little variation in the nature of inorganic material being deposited on the 

marsh surface over time with a small increase evident at 10- 11 cm, depth. This corresponds to a 

minor increase in CaO and K20 (Figure 4.17). However, the LOI profile does show fluctuating 

values for the organic component of this core within the upper 39 cm. 
CaO wt % as a proxy for CaC03 shows a general increase down through the sediment 

sequence from >3 wt % at the surface to <6 wt % at depths below 40 cm. This is likely to be 

attributable to increased pore-water acidity within the upper oxic zone leading to increased 

dissolution of CaC03. This trend continues into the underlying anoxic zone where CaC03 levels 

increase owing to the more alkaline conditions present at depth which favour the formation of 

authegenic carbonate (Figure 4.17). 

4.8.4: Detrital composition and geochemical zonation 

The CONISS cluster program (Grimm, 1991) has been used to identify two distinct 

chemozones within the Loch Don core and these correspond well with the visual stratigraphy. 

Within each of these zones further sub-zones were additionally identified (Figure 4.18). 

In LDon Al LOI content is very low at values of 1-2 wt %. Similarly, P, S and Mn are 

all recorded at the lowest levels. Ca is significantly enriched in this zone (see above). In zone 

Mon A2 organic carbon (via LOI 550'C ), Fe, Mn, Na, K, P and S all increase and a significant 

peak in Fe and Mn is apparent at a depth of 27-28 cm corresponding to the boundary with zone 
Mon B. Zone LDon 131 is characterized by reducing abundance of Fe and Mn and Ca. LOI 

values are seen to fluctuate between maximum values, which nevertheless maintain a general 

enrichment throughout the zone (Figure 4.17). Si, Al, Mg, and Ti all maintain near-constant 

values as is the case throughout the core profile for these elements. Na, K, P and S all indicate 

continued enrichment to the boundary with the near surface zones. 
The upper chemozones Mon B2 and LDon B3 show increasing values for organic 

carbon, Na, K, P, S. Increased Fe is apparent with the presence of two smaller peaks relative to 

that in Won A2 and this is accompanied by a significant enrichment of Mn in the upper surface 

layers of the sequence. Ti and Ca show a further slight reduction. The abundance of Si, Al and 

Mg maintain their approximately constant values to the marsh surface (Figure 4.18). 
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4.8.5: Major element correlations with LOI and Ti 

Correlation of LOI (% dry mass) with the major element distributions reveals a strong 

positive association with Al, K, P, Na, Fe, S, Mg and Mn (Figure 4.19a and Figure 4.19b, and 

Figure 4.20). This indicates that Al, K, P and Na are all associated with vegetative litter, plant 

production, organic complexes and saline evapo-transpiration processes in this marsh sequence 

as identified by other workers (e. g. Turner, 1999). Organic matter, Fe and Mn association are 

linked to post-depositional chemical processes (discussed fully in Chapter Six). The strong 

negative correlation with Si, Ti and Ca suggests that down-core variation in sediment 

composition is attributable to minor changes in minerogenic sediment delivery and not linked to 

periods of organic matter accumulation. Correlation with Ti (as a proxy for detrital input) 

confirms this view as only Si and Ca are seen to be positively associated with Ti (Figure 4.20) 

indicating that these elements represent the major detrital inputs. 

4.8.6: Trace element geochemistry from Loch Don 

Trace element concentrations from the Loch Don core are presented in Appendix 4.4 a 

& b, with graphical down-core profiles shown in Figure 4.21. Two distinct chemozones are 

revealed from the CONISS least sum of squares cluster analysis (Grimm, 1991). Within 

chemozone LDonA the cluster analysis identifies three sub-zones which extend from the base of 

the core to a near-surface depth of 5-6cm. Above this chemozone LDonB represents the 

uppermost surface layers of the accumulated sediments. 
These chemozones correspond in part with the visual base stratigraphy but do not 

correspond well with the zonation derived from major element geochemistry shown in Figure 

4.18. However, the upper chemozone LDonBI does correspond to the uppermost Scm depth 

depicted in Figure 4.18. Chemozones LDonAI is characterized by slightly enriched levels of 

Cc, Co and La likely to result from the generally coarser nature of the sedimentary material 

within the basal section of the core (Figure 4.21). Elements that are relatively depleted include 

As, Cu, Ni, Pb, U, Zn and the halides Br, I, S and Cl. The remaining elements exhibit 

concentrations that tend to fluctuate less throughout the entire core. 

'Me principle characteristics of zone LDonA2 are a small enrichment of Ce at 36 cm 

depth with generally increasing concentrations of most other elements in particular Br, I, S and 
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(a) Elcment Core Avemge (r) LOI 

LOI 7.30 
A1203 13.63 0.81 1.0 
K20 2.10 0.68 0.8 
P205 0.28 0.60 0.6 

Na20 3.67 0.54 0.4 

Fe203 8.63 0.48 0.2 

S03 1.96 0.48 0.0 
mgO 3.14 0.39 -0.2 

MnO 0.19 0.31 -0.4 
TiO2 1.10 -0.27 -0.6 
Si02 63.30 -0.57 -0.8 
CaO 4.10 -0.77 -1.0 

(b) Element Core Average r) TiO2 

Ti02 1.10 1.0 
CaO 4.10 0.61 

0.8 
Si02 63.30 0.33 
Fe203 8.63 -0.04 

0.6 

A1203 13.63 -0.08 
0.4 

Mgo 8.63 -0.26 0.2 
LOI 7.30 -0.27 0.0 
MnO 0.19 -0.31 -0.2 
K20 2.10 -0.74 -0.4 
P205 0.28 -0.77 -0.6 
Na2O 3.67 -0.81 -0.8 
S03 1.96 -0.83 -1.0 

Figure 4.20: Core average major elemental abundances and correlation with; (a) LOI (550"C) and 
(b) Ti02 (Wt 0/0) for the Loch Don marsh core. Elements are ordered by correlation with LOI and 
TiO7 
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Chapter Four 

Cl. La concentration declines throughout the central section of this zone returning to values 

comparable with those at the base of the core near in LDon A3 below the boundary with 
LDonBl. The base of this zone is characterized by slight enrichment of Co and Cr with a 

corresponding decrease in the concentration of 1. Most of the other elements show steadily 
increasing concentrations with no evidence of major changes in input over this depth interval 

extending from 5- 17 cm. Chemozone LDonBI reveals significant enrichment of the halide 

elements along with increased concentrations of Ce, Co, 6u, Ni, Rb, and Zn, and to a lesser 

relative extent Zr, Sr and U indicative of heavy mineral, trace metal and fine particulate surface 

enrichement (Figure 4.21). 

4.9: Loch Creran (mainland Argyll) 

4.9.1: Site description and environmental setting 

Loch Creran is situated on the mainland of the Argyll district some 15 km north of Oban 

and is typical of the glacially scoured fjords that characterize the western coast of Scotland 

(Figure 4.1). The coastline of Loch Creran extends eastwards some l3km inland from the island 

of Eriska, which lies at the seaward end of the Loch to the head of the fjord where the River 

Creran discharges freshwater derived from the Glen Creran catchment into the estuary. 

The geology of the area around Loch Creran is highly complex but principally consists 

of rocks from the Dalradian super group (Figure 4.22). These are sub-divided into two distinct 

groups the first of which contains limestones, dolomites, slates, quartzites and green phyllites 

which outcrop around Port Appin situated to the north-west and now referred to as the 

Ballachulish Succession (Harris and Pitcher, 1975). The second group consists of an underlying 

highly laminated unit of grey quartzites and black shales. These extend over a much larger area 

to the east of Glen Creran and are bounded by the Cruachan Boundary Fault which delineates the 

Dalradian sedimentary succession from the Etive igneous intrusion to the east (Litherland, 

1980). 

The' geomorphology of the Firth of Lome area including Loch Creran has been 

investigated by a number of authors (Synge and Stephens, 1966: Gray, 1972; Peacock, 1971). 

Peacock (1971) confirmed the earlier view of McCann (1966) that Loch Creran lies within the 

limits of the Loch Lomond readvance. Peacock (1971) further concludes that the area of outer 
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Figure 4.22: The geology of the area around Loch Creran showing the distribution of the 
Ardmucknish and Creran Dalradian metasedimentary succession of the Argyll group. Note the 
position of the major tectonic structures within the region that include the Pass of Brander fault 
and the Cruachan Boundary Fault delineating the Etive igneous intrusive complex from the 
Dalradian succession to the west. (Source: British Geological Survey, simplified from 
Litherland, 1980). 
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Loch Creran is one of four sites within the Western Highlands that does not exhibit an end 

moraine complex typical of other readvance glacier locations within the region. 
Within the outer area of the Loch significant out-wash material consisting of sands and 

gravels lies in close proximity to the terminal moraine feature mapped by McCann (1966). It has 

been suggested that this is likely to have been deposited proglacially across the former wasting 

of the terminal moraine following the retreat of ice from its maximum position Peacock (1971). 

Further inland from the outer area of the fjord, Loch Creran exhibits significant rock thresholds 

associated with valley narrowing. As ice retreated the sands and gravels would have provided 
the principal source of sediment for coastal readjustment throughout the Holocene. 

Detailed geornorphological mapping of the glacial and raised shoreline features around 

upper Loch Creran was undertaken by Gray (1972), who describes a significant ice decay limit 

in the form of a dead-ice hollow now occupied by Loch Baile Mhic Chailein (Figure 4.23). On 

the north-west side of the Glen this feature is bounded by kame terraces which grade into a 

substantial outwash plain. This extends down the valley from an initial altitude of circa 19.9 m 
OD at an ice contact slope situated between Invercreran and Glassdrurn where it is truncated by 

a later shingle ridge which has a maximum altitude of 14 m OD (Figure 4.23). 

Gray (1974a) has suggested that formation of the shingle ridge would have been 

consistent with the deposition of an outwash terrace in this area and indicative of a former sea- 

level at least as high as 13-14 m OD. Consequently, he attributed this ridge to be associated 

with a relative sea-level comparable with the Main Post-Glacial Shoreline identified at other 

locations. 

Further seaward from this point between the position of the shingle ridge and the 

contemporary salt marsh, Gray also identifies a post-glacial shoreline feature at an altitude of 

approximately 3.0 - 4.0 m OD (Figure 4.24). No specific age has been proposed for this 

shoreline but it is likely to be an artifact of relative sea-level fall during the mid to late Holocene. 

Field site investigations using the Im coring device at this site were undertaken at 

various locations above the present-day tidal limits. At the site of the shingle ridge close to 

Glassdrum identified by Gray (1974; Figure 4.23) sedimentary sub-strata consisting of rounded 

pebble sized material and gravel rests beneath a thin layer (12-16 cm maximum) of peat soil 

which is used for agricultural gazing. These sedimentary deposits are consistent with the 

formation of the Main Postglacial beach proposed by Gray (1974). Other investigative coring 

was undertaken above the present-day high water mark over an area to the south east of the 

River Creran at greater altitude than the present day shoreline. This feature was also identified 
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Figure 4.23: Geornorphological features within Glen Creran and at the Head of Loch Creran 
(adapted from Gray 1974). Also shown are the sampling locations on the contemporary marsh at this 
site. 
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by Gray (1974). The coring revealed a sedimentary sequence of upper soil overlying clastic 

sediments with clay in turn overlying a stiff greylblue clay and may represent a raised coastal 

wetland sequence of as yet undefined age. Levelling across this surface gave a maximum 

altitude for the surface of this feature of 5.12 rn OD (Figure 4.24). 

Scaward of this featurc therc is a largc cxpanse of contcmporary saltmarsh dcvclopment 

although not as extensive as that witnessed on both the Isle of Mull sites. Situated in close 

proximity to the A828 public highway and Druimavuic House, the marsh has developed in a 

pocket of the estuary head not directly influenced by the River Creran (Figure 4.24 and Figure 

4.25). 

The marsh here is dominated by Plantago maritima and Glaux maritima with Juncus 

gerardi also prominant. Some zonation between the high marsh environment and that of the 

lower marsh is discernable from inspection of air photographs and oblique field photographs 

obtained by the present author (Figure 4.25). Noticeable in the photograph is the recent 

colonisation of marsh vegetation within the lower section of the Druimavuic House garden 

immediately south of the A828 road. 
Coring of the preset-day expanse of marsh revealed a variable depth of coastal peat 

which has developed upon the underlying gravel and sands, ranging from 36 cm to 69 cm across 

the high-marsh environment. The variability in marsh sediment thickness results from the 

differential morphology of the underlying gravel and sand substrate which consists of fluvial 

gravel and pebble bars. The material within these features is also likely to have been reworked 

by wave and tidal currents as the present marsh environment became established. Coring site 

locations are shown in Figure 4.24 and Figure 4.25. 

4.9.2: Core sedimentology 

Two cores were abstracted from the marsh at the head of Loch Creran. Core I was 

selected for analysis and a digital photographic image of core taken in laboratory conditions is 

shown in Appendix 3.3. An upper unit of dark-brown/black silty peat soil with clay is visible 

extending down the core to a depth of 36-37 cm. This is shown in greater clarity in the detailed 

sedimentary log presented in Figure 4.26. Rootlets are quite abundant within this upper unit and 

some small angular pebble-sized clasts are visible at 14-15 cm. Beneath this unit the lithology 

grades over a short depth interval of no more than 2-3 cm into an underlying unit of coarse sand 
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and fine gravel material extending from 37 cm. to a depth of 55 cm. Rootlets are virtually absent 
from this section of the core wl-fth overlies a basal unit of gravel-rich material consisting of 

coarse angular and sub-angular small to medium pebbles (Figure 4.26). 

4.9.3: Major element geochemistry 

Major element geochemistry raw data is presented in Appendix 4 and the graphical plots 

of the down-core profiles of major element abundance from this sequence are presented in 

Figure 4.27. Nonnalized major element plots of Si, Ti and K (Figure 4.28), indicate a more 

subtle decrease of coarse silt/sand material being deposited on the surface of the marsh within 

the upper 20 cm of core as indicated by the Si/Al plot. This depth interval also corresponds to a 

slight increase in CaO. The dry bulk density depth profile corresponds quite well with the visual 

stratigraphy and the organic matter profile determined by LOI and indicates a little variation in 

the supply of detrital material to the marsh from a depth of 40 cm. SUAI ratios fluctuate within 

the upper section of the core down to a depth of 40 cm between values <4 wt % to >5 wt % 

recorded at a depth of 21cm. Levels decrease slightly down to 34 cm and below this depth show 

an increase where the core stratigraphy indicates a change in lithology from silty/peat with 

organic material to sandy/gravel substrate at 40 cm depth. This basal sediment is likely to 

represent the underlying sand/mudflat composed of reworked predominately fluvial material 

(Figure 4.28). 

The Ti/Al depth profile indicates that the sediment composition has remained quite 

constant over the time period represented by the 0- 40 cm depth interval down through the core 

with residual ratio values of around 0.055 wt %. Below this depth levels decrease markedly 

within the coarser substrate (-0.039 wt %) down to the core base. This interpretation is also 

supported by the K/Al profile which shows constant levels K over the same depth interval with 

only a small increase in the underlying coarse substrate below 40 cm depth (Figure 4.28). 

CaO wt % as a proxy for CaC03 shows increased but constant levels of around 0.25 wt 

-% within the upper peat unit which then decline in the basal coarse material. The interpretation 

here is that slightly higher levels of CaC03 dissolution are occurring in the upper peat layer and 

that alkalinity does not markedly increase within the underlying sandy/gravel material. As such 

significant authegenic carbonate formation at this depth does not appear to be taking place at the 

base of this core as has been recorded from the sediment sequences acquired from the Isle of 

Mull (Figure 4.28). 
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4.9.4: Detrital composition and geochemical zonation 

Detailed examination of the major element abundance using the CONISS cluster 

analysis reveals two distinct chemozones. Within these further sub-zones are also identified 

(Figure 4.29). Chemozone LCre A extends from the base of the core up to the near surface 

where the boundary with Lcre B is situated at a depth of 6-7cm. This then extends to the marsh 

surface. LCre Al is characterized by the lowest dry mass abundance of organic material (via 

LOI proxy method), Fe, Mg, Ca (see below), Na, Ti, Mn, P and S03, This probably reflects the 

proportion of these elements present in the coarse sand and gravels at the base of the core. In this 

basal zone Si is recorded at its highest value. Al and K values are representative of the average 
throughout the core sequence, with highest values for K being recorded at the very base of the 

core. LCre A2 is characterized by significant peaks in element abundances of organic material, 
Fe and Mn. Fe and Mn values then decrease rapidly with increased elevation through this zone. 
C,, rg values are however maintained and fluctuate around an average value of -5 wt %. Mg, Ca, 

Na, Ti, P and S all show an increase in abundance within this zone (Figure 4.29). 

Si, and K profiles indicate a slight reduction whilst Al remains unvariable. Chemozone 

LCre A3 shows a marked reduction in Si, Al, Mg, Ca, Na, K and Ti close to the boundary with 

the lower zone LCre A2. Fe values show a significant increase at the same depth and a smaller 

peak in Mn abundance indicates enrichment at the same depth. Just above this depth increment 

organic carbon values are also seen to be slightly reduced with a larger relative decrease in SAII 

elements quickly recover to values similar to those evident in LCre A2 towards the boundary 

with LCre B1 apart from Fe, Mn P and S which are enriched within the top of this zone. In the 

upper section of the core chemozone LCre B1 reveals the highest abundance of organics with Fe, 

Mn, P and S all significantly enriched within the near-surface. Mg, Ca, Na, and K profiles also 

show evidence of enrichment near the marsh surface. Si and Ti on the other hand show a 

reduction in abundance whilst Al values are relatively unchanged (Figure 4.29). 

4.9.5: Major element correlation with LOI and Ti 

Correlation of the major element abundance reveals a strong association between LOI 

and Mg, Ti, Ca, P, S, Fe and Na (Figures 4.30a & 4.30b, and Figure 4.31). Na and P are 

associated with marsh plant litter, organic complexes and saline evapo-transpiration processes 

particularly in the near surface environment of salt marshes. The strong positive correlation 
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(a) Element Core Average (r) LOI 

LOI 3.94 
mgo 3.02 0.89 
Ti02 0.74 0.88 
CaO 2.36 0.85 
P205 0.36 0.70 
S03 2.08 0.70 
Fe203 7.23 0.59 
Na2O 3.67 0.52 
MnO 0.16 0.23 
A1203 14.17 0.16 
K20 2.84 -0.64 
Si02 65.69 -0.77 

(b) Element Core Average (r)TiO2 

Ti02 0.74 
LOI 3.94 0.88 
mgo 3.02 0.85 
CaO 2.36 0.84 
S03 2.08 0.54 
P205 0.36 0.50 
Na20 3.67 0.39 
Fe203 7.23 0.32 
A1203 14.17 0.26 
MnO 0.16 -0.09 
Si02 65.69 -0.57 
K20 2.84 -0.65 
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Figure 4.31: Core average major elemental abundances and correlation with; (a) LOI (5501C) 
and (b) Ti02 (Wt %) for the Loch Creran marsh core. Elements are ordered by correlation with 
LOI and Ti02 
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between LOI, Mg, Ti and Ca suggests an association with marine detrital minerals. The weaker 

correlation with Fe, Mn and S is likely to be a product of the association of these elements in 

redox-mediated post-depositional reactions ( see Chapter Six). LOI is also weakly correlated 

with Al in comparison to the marshes on Mull. 

Further correlation with Ti (as a proxy for detrital input, Figure 4.3 1) reveals a strong 

negative association with Si and K. However, Ti is strongly correlated with Ca and Mg 

suggesting marine influence. 

4.9.6: Trace element geochemistry 

The trace element concentration down-core raw data for the marsh core from Loch 

Creran are presented in Appendix 4.6 a&b with graphical down-core profiles shown in Figure 

4.32. Also shown in this figure is the dendograrn derived from the CONISS cluster anaylsis 

performed using the Tilia plotting program (Grimm, 1991). Two distinct chemozones are 

identified with the basal zone LCre Al corresponding well with the lower zone identified in the 

major element cluster diagram (Figure 4.29). Within this basal section of the core many trace 

elements are relatively depleted in comparison to the overlying sediments (e. g. As, Ce, Cu, Mo, 

Ni, Pb, U, V, Zn and the halides Br, I and Cl). Zone LCre B comprises three sub-zones and in 

the central section of the core between 5-45 cm zones LCre B1 and LCre B2 are similar to the 

major element zonation ascribed to LCre A in Figure 4.29. Within the lower section of zone 

Lcre B1 As, Ce, Co, Mo, Pb V and I concentrations all exhibit distinct peaks representing 

significant enrichment of theses elements between 42-47 cm depth. Above this depth interval 

element concentrations for these elements are more uniform at reduced levels (Figure 4.32). 

Above the boundary with LCre Bl, the overlying zone LCre B2 shows minor increases in the 

concentration of Cr, Cu, La, U, Y, Zn and 1. This corresponds with a decrease in the 

concentration of Co, Zr. Chemozone LCre B3 also corresponds well with the upper zonation 

identified in Figure 4.30. Cluster analysis suggests that this upper section of the core differs 

quite significantly from the underlying sections. Many trace element profiles show significant 

enrichment in the near-surface layers (e. g. As, Co, Cu, Ni, Pb, U, V, Zn). The halides (Br, 1, S 

and Cl) also show significant enrichment in this upper near surface zone (Figure 4.32). 
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Chapter Four 

4.10: Loch Etive (mainland Argyll) 

4.10.1: Site description and environmental setting 

Loch Etive is situated some 5 km north of Oban and represents one of the most 

extensive fjords within western Scotland extending inland some 29 krn from the seaward 

entrance to the head of the estuary located beneath the northern slopes of Ben Starav (Figure 4.1 

& Figure 4.33). The Loch is characteristic of other fjord environments containing multiple over- 
deepened anoxic basins (Edwards and Sharples, 1985) resulting from the action of glacial ice 

scouring. For convenience the Loch can be divided into two main basins (Overnell et al., 2002) 

and the upper of these is strongly influenced by fresh water derived from the river Etive 

catchment. A detailed account of the physical oceanography of Loch Etive can be found in 

Ridgeway and Price (1987) and Ovemell et al. (2002). 

The geology around the upper Loch Etive area (Figure 4.33) is dominated by the suite of 

Caledonian igneous intrusive rocks which have formed an elliptical composite pluton exhibiting 

three distinct phases of development (Anderson and Batchelor 1987, cited in BGS, 1995). 

Within the lower region of Glen Etive the rocks consist largely of monzogranite of the 

Cruachan phase which becomes gradually more silica rich and finer in texture northwards where 

it grades into igneous material associated with the Glen Coe cauldron subsidence (Anderson, 

1937). At the head of Loch, the geology is composed of rocks formed by the emplacement of the 

Starav granite intrusion and is considered to be the latest phase of plutonic intrusive activity 

associated with the suite of igneous emplacement in this area. The Starav Granite exhibits three 

distinct petrochemical zones which become more acidic towards the area occupied by the 

Central Starav Granite and typically contain medium-grained leucocratic monozgranite (Figure 

4.33). 

The geornorphology of the head of Loch Etive has been studied by Gray (1974a) who 

documents some of the key features which include the Falls of Lora at the entrance to Loch 

Etive situated at Connell (Figure 4.1). These reflect the presence of a shallow rock outcrop at the 

constricted entrance to the Loch which causes the flow of tidal rapids both in and out of the Loch 

during the flood and ebb tides. 

Other morphological features include several raised shoreline fragments which are 

dispersed throughout the lower and middle Loch (as defined by Gray, 1974a) such as those at 

Inveresragan and Bonawe on the north shore and at Taynuilt on the south shore (Figure 4.33). At 
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Figure 4.33: Simplified geology of the area around the Head of Loch Etive and 
Glen Coe showing the distribution of the Caledonian igneous magmatic 
intrusions. (Source: British Geological Survey; (After: Anderson, 1937 and 
Batchelor, 1987). 

163 



Chapter Four 

this locality the Pass of Brander fault cuts across Loch Etive and may well be the controlling 
influence which has resulted in the sharp northward trend of the fjord and the draining of Loch 

Awe via the river Awe into Loch Etive. 

At the head of the Loch in lower Glen Etive a post glacial beach is described below the 

Druirnachoish farm (Figure 4.34) and coring of this area supports this interpretation. Seaward of 

this location on the eastern side of the Glen, a visible strandline exists which Gray (1972) has 

interpreted as being commensurate with the Main Postglacial Shoreline at around 14 m OD 

(Figure 4.35). Beneath this feature and occupying a significant area of the valley floor land-ward 

of the present-day shoreline the same author describes a series river terraces and an historical 

floodplain. 
Coring of this feature revealed an extensive area of peat formation extending from 

Kinlochetive to the present shoreline and in places distinct relict channels and salt-pan features 

now somewhat in-filled were evident (Figure 4.35). This feature may well represent a Late 

Holocene depositional environment similar to that witnessed at Loch Creran based upon the 

nature of the sediments corresponding to relative sea-level fall during the Late Holocene. 

Delineating this feature at the contemporary shoreline is a distinct sandy/gravel bar that 

traverses around the central Loch-head into which a small cliff as been cut (Figures 4.34 & 

4.35). This feature is approximately 0.4 - 0.5 metres in height and the presence of a significant 

strandline suggesting wave action as a possible mechanism for the formation of this feature. 

Draped over the cliffed terrace and deposited on the small beach that has developed seaward of 

the cliff, there are at least three distinct strandlines related to tidal heights associated with 

Highest Astronomical Tide and where erosion of the sand/gravel bar appears to be concentrated. 

The contemporary salt-marsh development at the head of Loch Etive has taken place in 

two distinct areas to the west and the east of the point at which the River Etive reaches the 

estuary (Figure 4.34). The vegetation of these areas is dominated by Puccinellia maritima and 

Armeria maritima occupying the lower marsh and Plantago maritima, Juncus gerard, 

interspersed with Argrostis stolonifera within the higher marsh. Landward of the contemporary 

salt-marsh the vegetation grades into species typical of shallow, wet peaty soils including Juncus 

acutiflorus, Sphagnun spp. Calluna vulgaris and Erica tetralix (Figure 4.35) 

Owing to the restricted overall size of these pocket-type marshes the gradation from 

lower to high marsh takes place over a short distance, in this case less than 8 m. Oblique field 

photographs acquired during field visits illustrate this zonation (Figure 4.35). Although air 

photographs of the head of Loch Etive have been acquired (Figure 4.34) these are unfortunately 
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Figure 4.34: 1988 aerial photographic image of Head of Loch Etive and lower Glen Etive. The geomorphology 
of the inter-tidal area is shrouded in mountain shadow although the course of the River Etive is discemable and 
other locations within the Glen referred to in the text can be seen. The raised beach identified by Gray (1974) 
and the Late Holocene shoreline are bounded by the dashed blue and white lines respectively. Marsh 
morphology is shown in Figure 4.35 overleaf (Source: Royal Commission for Historical and Archaeological 
Monuments of Scotland, (RCHAMS), Edinburgh. 
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shrouded in shadow resulting from the close proximity of large mountains such as Ben Starav 

immediately to the east. As a result these do not permit easy recognition of the geomorphology 

and plant zonation of the marshes. However, the field site photographs do provide some useful 

indications of marsh zonation (Figure 4.35) and field observations are shown annotated in 

Figure 4.34. 

4.10.2: Core sedimentology 

Two cores were extracted from the marsh situated on the northern side of Glen Etive and 

the locations of these sites are shown in Figure 4.35. A digital photograph of the core lithology 

taken under laboratory conditions is shown in Appendix 3.3. A detailed core log and sediment 

description of the Loch Etive core is presented in Figure 4.36. 

The core consists of an upper lithological unit of brown-dark/brown silty clay peat with 

lenses of fine, medium and some coarse sand. Rootlets are present throughout this upper unit 

however the concentration visible decreases with depth down to 24cm. Some laminated structure 

has also developed in the lower section of this peat unit. Underlying this is a shallow sub-unit of 

light-brown/tan coloured fine to medium sand with occassional clasts of fine gravel material 

extending down-core from 24 cm to 29 cm. Lenses of organic-rich material are evident at the 

base of this sub-unit close to the quite sharp boundary with the underlying unit (Figure 4.36). 

This represents a significant change in lithology and consists of a 12 cm depth interval 

of very dark-brown/black silty soil with fine to medium clasts of angular granite-type gravel. 

Preserved and fragmented rootlets are recorded in this sub-unit of the core but are not as 

prevalent as in the upper peat soil. The basal unit of the, core consists of light-brown medium to 

coarse sand which has been deposited upon an underlying substrate of semi-rounded large 

cobble-sized material. This is comparable to the material currently seen in the fluvial deltaic 

deposits in the bed of the River Etive immediately beyond the area of marsh develoment (Figure 

4.36). 

4.10.3: Major element geochemistry 

The major element geochemistry raw data is shown in Appendix 4.7 and the down-core 

profiles of major element abundance from this sequence are shown in Figure 4.37. These reveal 
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a compositional variabilty in which major element changes in abundance correspond well with 

the distinct visual lithological changes evident in the core log. 

Selected element abundance ratio plots normalized to Al are shown in Figure 4.38. The 

Si/Al ratio indicates a fairly constant level throughout fluctuating around 5 wt % with the 

exception of minor peaks at 13 cm and 34 cm which represent slight coarsening of material at 

these depths. The lowest value of 4.59 wt % occurs at a depth of 38 cm being recorded in the 

basal section of the more organic-rich sub-unit (Figure 4.36). The Ti/Al profile shows distinct 

variation throughout with levels of - 0.055 wt % down to a depth of 12 cm (Figure 4.38). Below 

this depth horizon a marked increase occurs extending down the profile to 29 cm with a 

maximum value of 0.066 wt % recorded at 16 cm. This variation in the Ti/Al ratio within the 

upper section of the core (down to 29 cm) is interpreted as being indicative of a coarser lower 

section which grades to a finer inorganic sediment within the uppermost 12 cm. 
Below the 29 cm depth point, the Ti/Al ratio declines to a minimum value of 0.033 wt 

% within the dark organic rich sub-unit (29-40 cm) and is seen to increase to 0.060 wt % within 

the underlying sandy/fine gravel at the base of the core. Only slight variation recorded as a very 

small increase below 29 cm depth in the K/Al profile is apparent (0.28 wt%). Otherwise this 

profile indicates fairly constant supply of K relative to Al throughout the profile. The dry bulk 

density depth profile corresponds to heavier material within the coarse basal sediments. This 

decreases significantly within the dark-brown silty soil and increases once more throughout the 

overlying sand and the basal section of the uppermost peat soil. At a depth of 10-11 cm the dry 

bulk density reduces to values comparable to the buried silty soil horizon. Values increase once 

more in the near-surface to surface sediment layers and are comparable to the intermediate 

underlying finetmedium sand (Figure 4.38). 

CaO as a proxy for CaC03 shows a gradual decline in levels down the core profile with 

a distinct reduction immediately below the 29 cm depth point (Figure 4.38). Significant 

production of authigenic carbonate would appear to not be taking place at depth within the core. 

This may be due initially to the lower levels recorded at this site which is located at the head of 

one of the longest and narrowest sea-lochs within Western Scotland with restricted access of 

coastal more saline/carbonate-rich water to the loch head. Additionally the lower sandy basal 

sediments present immediately above and below the organic-rich unit may not develop the 

alkalinity levels at which authegenic carbonate formation is favoured owing to maintenance of 

more acid pore waters throughout the core profile. As such the development of a distinct anoxic 

zone in this core is questionable. This is discussed in greater detail in Chapter Six of this thesis. 
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Chapter Four 

4.10.4: Detrital components and geochernical zonation 

Detailed analysis of the major element abundance in the Loch Etive core was undertaken 

using the CONISS program. This revealed three distinct chemozones (Figure 4.39) and further 

sub-zones were also identified. LEt Al corresponds to the coarse sand and gravel unit at the base 

of the core and is characterized by very low values for LOI and P. Fe, Mn, Ti and Ca all 
increase in an upward direction and small peaks in the abundance of these elements are evident 
in this zone close to the boundary with LEt Bl. Highest values for Si are recorded in this zone. 
LEt BI is a very distinct chemozone and corresponds well with the visual stratigraphy (Figure 

4.39). This zone is characterized by a significant increase in LOI values. Similarly, P and S also 

show distinct enrichment with the profiles of Na, K and Al revealing less significant increases. 

Conversely, the profiles of Fe, Mg, Ca, Mn and Ti indicate depletion of these elements within 

LEt BI. Values for Si remain unvaried throughout these lowermost zones. Chemozone LEt C1 

shows an initial reduction in LOI which then increases steadily towards the base of LEt C2. 

Similar profiles are evident for Fe, Mn, Ca and P with small peaks indicating enrichment of Fe, 

Mg, P and Mn and present in the base of chemozones LEt C I. Ti and Ca enrichment is apparent 

throughout zone LEt C. Chemozone LEt C2 shows a peak in LOI which declines towards the 

marsh surface. Al, Fe, Mg, Ca, P, Mn and S all show enrichment in the near surface or surface 

layers. Ti abundance is reduced and Si and K both show very slight decline in values over this 

depth increment (Figure 4.39). 

4.10.5: Major element correlation with LOI and Ti 

Correlation of the major element abundance with the distribution of LOI (Figure 4.40a, 

Figure 4.40b, and Figure 4.41) reveal both strong and weaker positive association between 

organic matter content and the elements S03, Na, P and K. This suggests these elements are 

associated with vegetal litter, various organic complexes and saline evapo-transpiration 

processes (Turner, 1999). A negative and quite uniform correlation exists between the detrital 

elements and LOI within this core which further suggests that organic accumulation has not been 

associated with variations in detrital input. Correlation with Ti (as proxy for detrital input) would 

seem to confirm this (Figure 4.41). Overall, the moderate negative correlation between Si, Ca, 
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from core 1, Loch Etive 
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(a) Element Core Average (r) LOI 

LOI 5.29 1.0 
S03 0.23 0.86 0.8 
P205 0.16 0.67 0.6 
Na20 4.06 0.36 0.4 
K20 3.45 0.12 0.2 
A1203 14.04 -0.11 0.0 
Mgo 1.48 -0.30 -0.2 Ti02 0.66 -0.32 -0.4 MnO 0.05 -0.32 
CaO 1.71 -0.32 -0.6 
Si02 69.42 -0.35 -0.8 

(b) Element Core Average (r)TiO2 

Ti02 0.66 1.0 
CaO 1.71 0.88 0.8 
Mgo 1.48 0.71 0.6 
Fe203 3.62 0.56 0.4 
MnO 0.05 0.50 

0.2 
P205 0.16 0.21 
A1203 14.04 0.12 0.0 

Si02 69.42 -0.22 -0.2 
LOI 5.29 -0.32 -0.4 
Na2O 4.06 -0.45 -0.6 
S03 0.23 -0.49 -0.8 
K20 3.45 -0.77 -1.0 

Figure 4.41: Core average major elemental abundances and correlation with; (a) LOI (550"C) 

and (b) Ti02 (Wt %) for the Loch Etive marsh core. Elements are ordered by correlation with LOI 

and Ti02 
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Mn, Ti and Mg indicates that down-core variations appear to be largely due to fluctuations in 

sediment provenance rather than post-depositional associations of elements. 

4.10.6: Trace element geochemistry 

Trace element data from the Loch Etive marsh core is presented in Appendix 4.8 and the 

graphical down-core distributions are shown in Figure 4.42. Cluster anaylsis using the CONISS 

least squares regression component from TILIA (Grimm, 1991) reveals two distinct chemozones 
in close similarity with the dendograrn derived for major elements (Figure 4.39). The first of 
these LEt Al corresponds to the basal coarse sands and gravels and is characterized by low 

concentrations of the halides (e. g. Br, I, Cl and S). Other elements with low concentrations in 

this zone are As and Ni. Towards the top of this zone at a depth of 41 cm Y, Zr, Cr, V, Ce, Mn 

and Ti all show a pronounced peak indicative of enrichment elements associated with heavy 

mineral and coarse-grained material (Figure 4.42). 

Chemozone LEt BI corresponds to the dark-brown/black silty sand unit and is 

characterized by an obvious depletion of all trace elements apart from As, Br and S. Chemozone 

LEt Cl comprises two sub-zones and extends over the uppermost 30 cin of the core from the 

onset of the medium/fine sand to the top of the clayey silt with organic unit and the marsh 

surface. Zone LEt Cl reveals the recovery of all element concentrations to levels similar to those 

within the basal unit with generally increasing concentrations to the boundary with LEt C2. The 

exceptions to this trend are the concentration profiles for As, Br, and S which are depleted at the 

base of LEt C I. These elements follow A general pattern of enrichment within LEt C I. 

The uppermost chemozone LEt C2 is characterized by enrichment of Pb, As, V, Mn, and 

the halides Br, I and Cl are relatively enriched throughout the upper 25 cm of the core with 

significant enrichment in the near-surface layers corresponding to chemozone LEt C2. 

Concentrations of S are relatively reduced within zone LEt C (Figure 4.42). 

4.10.7: Isocon graphical plots for the Loch Etive sediments 

The dctrital minerals deposited in the marshes at the head of Loch Etive are derived 

from fluvial transport of weathered material from the Glen Etive catchment and subsequent rc- 

working and rc-distribution by wave and tidal energy. The visual log of this core coupled with a 
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preliminary inspection of the major and trace element geochemistry suggests a differing 

provenance and geochernical composition for dark-brown/black silty sand unit situated at 29-41 

cm. depth. 

Variation in sedimentary element concentration between the different lithological units 

may be examined using the method of isocon plots (Grant, 1986; Cundy et aL, 1997). 

Geochemical data for the concentration in each lithological unit are averaged and then 

transformed using an arbitrary multiplication factor that allows each element from any two 

separate stratigraphic horizons to be plotted on the same pair of axes. Visual inspection of the 

graphs facilitates comparison of the average elemental composition between any two units. 
Elements that plot close to or on the line of equal concentration indicate the general similarity 
between sub-units being examined. Elements that plot above or below the line of equal 

concentration are indicative of element enrichment in the specific sub-stratigraphic units. 
Comparison plots for the average elemental concentration of the various lithological 

units within the Loch Etive core are shown in Figure 4.43a and Figure 4.43b. Graph (a) in 

Figure 4.44a shows the comparison between the basal coarse sand/gravel unit and the overlying 
dark silty/sand. Most of the major elements plot on or near to the isocon line (Si02, Na20 and 
P205 shown) indicating a general similarity in composition. However, the overlying dark 

silty/soil unit is clearly enriched with S (also as SOA I and Rb with elevated levels of As, Br, 

Cl, and Rb. Conversely the basal sand unit shows enrichment of several heavy metals including 

Ba. Ce, Cr, Mn, Ti, V and Zn. 

Similarly, in plot b of the same figure the upper fine/medium sand unit is compared 

with the same underlying dark silty/sand. This also reveals some similarity between the major 

elements with Si02, Na20, K20 and P205 all on or close to the isocon line. Dissimilarity is 

revealed with the lower silty/sand unit showing enrichment of S (also as SOA and to a lesser 

extent Br. The upper fine/medium sand unit is enriched in many other elements including CaO, 

Fe203, and MnO. Various other elements including the heavy metals Ba, Ce, Cr, Ni, Rb, Ti, V, 

Zn and Zr are also enriched within the upper sand indicating a distinct lithological difference 

between the two sub-units. 

In Figure 4.43b, graph (a) illustrates the broad similarity between the basal sand and the 

upper sand unit of the core. Most elements plot on or close to the line with the exception of 

Iwhich shows significant enrichment relative to the lower basal sand unit. Some metals are also 

seen to be at elevated levels and these include Ce, Cr, Rb, Ti, V and Zn. 

179 



Chapter Four 

120 

100 

80 
10 

60 

0 40 

20 

0 4-ý 
0 

120 

100 

80 - 
0 sio Rb 

60 - +Ba 

0000 

th 

SO3 
Na20 

40 
+Tio2 

K20*ýý& 
&+v > �Sr *te+ Cr + ci Fe2 3 

Le 

22 
r mto: 

20 ; ePk0 
4Pb 

+, *Zn Br* +La 
th +Ni 

T* 

0 KI 1............. I 
0 20 40 60 80 100 120 

Upper Sand Unit 

Figure 4.43 (a): Isocon diagrams for stratigraphical units within the Loch Etive marsh core after 
(Grant, 1986) and modified after (Cundy et al., 1997). Individual points represent average 
element concentrations for the defined sedimentary units. These values are calculated by 
applying the following multiplication factor to ensure all element concentration values plot on 
the same scale. Major elements (wt %): Si02) 1; Ti02i 10; A1203t 1; Fe203,10; MnO, 100; MgO, 
10; CaO, 10; Na2O, 10; K20,10; P205s 10; S039 100. Trace elements (ppm): As, 10, Ba, 0.1; Br, 
0.01; Ce, 1; Cl, 0.01; Cr, 1; Pb, 1; Ni, 1; S, 0.01; V, 1; Zn, 1. For legibility only elements 
indicating enrichment in any stratigraphical. unit are shown. 
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Figure 4.43(b): Isocon diagrams for stratigraphical units within the Loch Etive marsh core after 
(Grant, 1986) and modified after (Cundy et al., 1997). Individual points represent average 
element concentrations for the defined sedimentary units. These values are calculated by 

applying the following multiplication factor to ensure all element concentration values plot on 
the same scale. Major elements (wt %): SAi 1; Ti02t 10; A1203i 1; Fe203,10; MnO, 100; MgO, 
10; CaO, 10; Na20,10; K20,10; P2059 10; S039 100. Trace elements (ppm): As. 10, Ba, 0.1; Br, 
0.01; Ce, 1; Cl, 0.01; Cr, 1; Pb, 1; Ni, 1; S, 0.01; V, 1; Zn, 1. For legibility only elements 
indicating enrichment in any stratigraphical unit are shown. 
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In the final plot graph (b) of the same figure the overlying organic clayey silt unit is 

compared to the dark silty/sand. Despite some elements plotting on or very close to the line of 

equal concentration (e. g. Si02), an obvious dissimilarity exists in terms of geochemical 

composition between the two sub-units with the silty black sand unit only showing enrichment 

of S (and S03). All other elements including trace metals and the halides (I and Br and Cl) are 

significantly enriched within the uppermost organic silty clay sediments (Figures 4.43a and 

4.43b). 

4.10.8: Microfossil Analysis of the Loch Etive core: Diatoms 

'Me Loch Etive core represents a marsh sequence with distinct stratigraphical and 

compositional differences to the other three marsh cores investigated in this study. Major and 

trace element geochernistry suggests a different provenance for the silty dark brown/black sub- 

unit situated between 29-41 cm below the marsh surface (Figure 4.37 & Figure 4.39). The nature 

of this sub-unit is of interest in terms of the depositional history of this core. As a result, bio- 

stratigraphic (diatom) analysis was considered to offer potential in terms of gaining further 

information insight regarding the historical development of the sequence from the Head of Loch 

Etive and in particular the provenance of the distinctive organic-rich sub-unit. 

Sample preparation followed the general overview presented in Chapter three and a full 

description of the microscope slide preparation can be found in Appendix 1, based upon well 

established techniques to produce high quality microscope slides for the counting procedure 
(Battarbee, 1986). 

The diatom assemblage data in relation to core lithology is presented in Figure 4.44. The 

selected taxa shown are expressed as percentage total diatom valves with counts of - 300 valves 

for each depth increment analysed. Where species have been counted which amount to low 

percentage total values these have been amalgamated to provide an 'others' column for the 

various halobian groups identified in the classification of Vos and DeWolf (1993). 

Diatom taxa within the entire core are totally dominated by pennate forms with only one 

centric individual marine planktonic species (Paralia SuIcata) identified at a depth of 20-21 cm. 
1, 

No other centric species have been recorded in this analysis. 

The lowermost unit of coarse sand and gravels (diatom zone LEt AID) contains taxa 

derived from polyhalobian, mesohalobian and oligohalobian ecological groups. Polyhalobous 
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taxa include the cosmopolitan marine species Navicula directa and Cocconeis scutellum. 
Mesohalobian taxa include the benthic epipsammic species Acnanthes delicatula, Diploneis 

incurvata, Diploneis interrupta, Diploneis smithii, Fragillaria puchella var. pulchella, 
Mastogoliapulmilla, Navicula bipustulata, Navicula menisculus, Naviculaperegrina, Opephora 

minuta, Pinularia baltica var. lundii, and Planothidium delicatulum. Oligohalobous taxa within 
this zone include Caloneis alpesti, Cymbella helvetica, Pinnularia microstauron, Eunotiafallax, 

Frustulia rhomboides, Navicula radiosa and a significant percentage (-20 % total) of the 
freshwater taxa Tabellariaflocculosa. The presence of representative taxa from the three major 

ecological groups is summarized in the summation columns to the right-hand side of the diagram 

(Figure 4.44). 

The diatom zone LEt A2D immediately above the basal unit corresponds well with the 

visual stratigraphy and represents the sub-unit of dark-brown/black silty sand at a depth of 29-41 

cm. (Figure 4.44) This zone contrasts markedly with the basal zone being dominated by 

oligohalobous taxa. These include the continued presence of Cymbella helvetica, Eunotiafallax, 

Navicula radiosa, Pinnularia microstauron and Tabellariaflocculosa. Other oligolialobous taxa 

identified within this zone are those of Eunotia arcus, Eunotia pectinalis var. minor and the 

large freshwater pennate species Pinnualria lata. Fragillaria contruens, Mastogolia smithii, 
Navicula opugnata and Suriella bifrons are also recorded in the upper section of this diatom 

zone. Pinnularia lundii var. baltica and Acnanthes delicatula are the principal mesohalobous 

species recorded in this zone albeit at low percentage total diatom valves. The latter species 

declines quite rapidly in an up-core direction and is not recorded in the mid to upper section of 

LEt A21). A similar low percentage is also evident for the two species of polyhalobous taxa 

Cocconeis scutellum and Navicula directa which are also seen to decline rapidly with increased 

elevation within this distinct stratigraphical sub-unit. 
An important point of necessary inclusion here is the significant amount of breakage and 

fragmentation of large pennate forms in particular, species of Nitszchia, Pinnularia and Synedra. 

ibis resulted in very low total counts of diatom valves within the depth increment between 33- 

34 cm and other depth increments within this sub-unit relative to the over and underlying 

lithology. 

The transition between diatom zone LEt A21) and LEt A3D corresponds well with the 

visual stratigraphy (Figure 4.37), which shows the change in core lithology from the dark- 

brown/black silty sand to a unit of light-brown fine to medium sand with some evident inclusion 

of organic-rich lenses. In diatom zone LEt A3D a rapid decline in all oligolialobous taxa is 
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evident with a concomitant rise in the percentage total of mesohalobous species. This is also 

accompanied by *a very slight percentage increase in polyhalobous taxa. The principal 

mesohalobous taxa present within this zone include an increasing total percentage of Caloneis 

aemula, Fragilaria vaucheriae, Navicula digitoradiata, Navicula perigrina, Navicula 

phylleptosoma, Nitszchia sigma, Pinnularia lundii var. baltica, Suriella patella and Taballaria 

investians. The polyhalobian species Navicula radiostriata is recorded within this unit and is 

noticeable by its absence in the underlying basal coarse sand and in the overlying organic-rich 

silty clay which extends to the marsh surface (Figure 4.44). - 
Diatom zone LEt A3D also corresponds well with the stratigraphy of the Loch Etive 

core and represents the transition from fine/medium sand into the more organic-rich silty clay in 

the upper 24 cm. of the core This zone is characterized by the continuing decline of oligohalobian 

species and increase of mesolialobous taxa in particular Caloneis aemula, Fragillaria pulchella 

var. pulchella, Mastogolia lanceolata, Navicula gregaria and Nitzschia sigma. Polyhalobous 

taxa here include Cocconeis scutellum var. parva, low percentages of the species Navicula 

marina and Opephora marina. 

Zone LEt A31) continues to be characterized by low percentage totals of all 

oligohalobous taxa with Eunotia fallax, Mastogolia smithii, Navicula radiosa and Tabellaria 

floculosa providing a continuing and slightly variable background concentration of freshwater 

species. Mesohalobous taxa include elevated counts of Acnanthes delicatula, with the continued 

presence of Caloneis aemula, Diploneis smithii, Fragillaria pulchella var. pulchella, reducing 

percentages of Navucula diditoradiata, Navicula gregaria, Nitzschia sigma and Pinnularia 

lundii var. baltica. Other mesohalobians are recorded at this elevation and increase within this 

zone including Pinnularia quadraterea var. cuneata, Pinnularia "aestuarii 
and Rhopaloidia 

rupestri. Polyhalobian species are also recorded in low percentage values but include the 

continued presence of Cocconeis scutellum and the replacement of Navicula radiostriata with 

low counts of Navicula vara (Figure 4.44). 

At this elevation corresponding to a depth of aproximately 14-15 cm below the marsh 

surface the CONISS cluster analysis identifies the onset of the diatom zone LEt BD. Within this 

zone two sub-zones are identified between this depth and the marsh surface (Figure 4.44). 'Me 

first of these LEt BD1 is characterized by low total percentages of polyhalobous and 

oligolialobous taxa. Mesohalobous taxa dominate this zone and still include Caloneis aemula, 

Diploneis smithii and Mastogolia lanceolata. A reduction and increase in the percentage totals of 

the species Pinnularia quadraterea var. cuneata, Pinnularia aestuarii and Rhopaloidia rupestri 
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is accompanied by a significant increase in the counts of Navicula digitoradiata. The base of 
this zone sees the first introduction of the polyhalobian species Cocconeis costata var. costata. 
Cocconeis scutellum var. parva is still evident at this elevation with low total counts of 
Opephora marina (Figure 4.44). 

The upper section of zone LEt BID continues to be dominated by mesohalobous taxa. In 

particular a significant increase in the total percentage of the species Navicula digitoradiata (to 

> 50% total diatom valves) represents a striking feature of the diatom distribution within the 

near-surface sediments. Acnanthes delicatula, Pinnularia aestuarii and Rhopaloidia rupestri 

also contribute to the total percentage of mesohalobous species present. Naviculd digitoradiata 

is commonly found inhabiting tidal sandflats being a predominately epipsammic species. The 

sandy nature of the coastal peat in this core therefore provides a suitable substrate for this 

species to exist higher within the inter-tidal prism. 
In the near-surface layers diatom zone LEt 132D indicates a fall in the total percentage of 

mesohalobous taxa. 'Ibis is accompanied by a concomitant increase in polyhalobian species 

within the near-surface sediments which is mirrored by the trace element profiles for I and Br 

(Figure 4.42) indicating the greater influence of sea-water and hence increased salinity. 

Increased counts of Cocconeis costata var. costata, Cocconeis scutellum, Cocconeis scutellum 

var. parva and Gramatophora oceanica are accompanied by the presence of other polyalobian 

species including Cosmioneis pusilla, Planothidium polaris and Rhabdonema minitum. The 

mesohalobous taxa show a decline in total percentages of Acnanthes delicatula and the 

previously prevalent Navicula digitoradiata. Diploneis smithii, Pinnularia aestuaril and 

Rhopaloidia rupestri also decline and are replaced by the presence of Cosmioneis delawarensis, 

Navicula libonensis, Navicula peregrina, Nitzschia sigma and Pinnularia quadraterea var. 

cuneata. Small increases in the percentage totals of the species Eunotiafallax and Tabellaria 

floculosa contribute to the slight increase in oligohalobous taxa within this upper section of the 

marsh. However, these are still at percentages representing a background input of freshwater 

species (Figure 4.44). 

A full discussion of the microfossil data presented here is integrated with further results 

and is fully discussed in Chapter Eight of this thesis. 
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4.11: Summary of Chapter Four 

A detailed overview of the site selection and subsequent core acquisition process has 

been presented. Major element geochemistry has been determined from XRF spectrometry 

analysis of fused glass beads with trace element data being obtained from pressed powder 

pellets. These data, in conjunction with LOI, are utilized to assess the compositional variability 

and chemical associations of the major components of the marsh sequences from the Argyll 

region. 
The core from the head of Loch Etive displays quite obvious stratigraphic differences in 

comparison to the other three cores investigated in this study. Loss on ignition, dry bulk density 

and major element geochemical data suggest a varied provenance and interaction with coastal 

processes for the overall development of this sedimentary sequence. This is confirmed by the use 

of microfossil (diatom) analysis of the core, which reveals both distinct and more subtle 

environmental changes which have occurred during the historical and recent development of the 

sediment prism from this site. The addition of diatom analysis as part of a multi proxy approach 

undertaken at this site supports the geochernical investigations undertaken on the other three 

marsh cores. 
A full analysis and discussion of the data presented here is undertaken in Chapter Eight. 

The following chapter now focuses upon the geochronological development of the 

marsh cores from Argyll modeled through the application of the various radiometric dating 

techniques outlined in Chapter Three. 
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5.1 Introduction: 

The 21OPb dating method has received much attention over recent decades and has 

been widly used to successfully date salt marsh sediments from a variety of locations 

(Armentano and Woodwell, 1975; Goldberg et al., 1963; McCaffrey and Thompson 1980; 

Church et al., 1981; Chanton et al., 1983; Beninger and Chanton, 1985; Kirchner and Ehlers, 

1998; Cundy et al., 1998; 2002; 2003). In many of these studies the use of 137 Cs has been 

effective in fulfilling the requirement for an independent dating technique to assess the 

reliability of the 21OPb method as proposed by Anderson et al., (1987) and Allen et al., (1993). 

(137C nd 241, A Accurate determination of the natural (2'oPb) and artificial sa M) 

radionuclide activities provide a chronological framework for the reconstruction and 

estimation of the recent (120-150 years maximum. ) depositional history of the Argyll marsh 

cores investigated in the present study. Activity depth profiles for the above isotopes were 
determined via the alpha and gamma spectrometry techniques outlined in detail in Chapter 

Three. 

5.2: 21OPb dating: use of the CF: CS or'Simple Model'. 

Constant atmospheric deposition provides the basic assumption employed in the 

calculation of sediment age using the 21OPb method. This hinges upon the known decay 

constant of the 21OPb radioisotope. Sediment age is calculated from the equation: 

Ln (Az / Ao) 

where: t= age at depth z; 

Ao = the 21OPb activity at the marsh surface 

Az = the activity of MPb at depth z 

and X= the radioactive decay constant of 21OPb (0.03114 Bq yf 

-Age 
determination using this equation constitutes the 'simple model' outlined in 

4ý1 
Appleby and Oldfield (1992) and Appleby (2001), and provides an estimate of average 

sediment accumulation rates for the entire marsh core sequence. This is obtained from the 

least squares regression of the plot of the natural logarithm of 210Pbowen versus depth. 
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Calculated activity values from the raw data for the four cores analysed are shown in 

the spreadsheets contained in Appendix S. Determination of the background or unsupported 
21OPb used in finther calculations follows the procedure outlined in Chapter three and is 

indicated in the appropriate total activty/depth profiles presented in this chapter. 

5.3: Other 21OPb dating models 

As contemporary depositional systems develop they typically contain depth horizons 

which represent periods of fluctuating sediment accumulation through time. Variable 

sedimentation rates identified within sediment sequences will compromise the validity of the 

Constant Flux: Constant Sedimentation (CF: CS) or 'Simple model' (A. B. Cundy, personal 

communication; Sratton-Noller, 2000; see Chapter Three). As a consequence of this the 

(CF: CS) model is now rarely used to assess sedimentation rates within modem estuarine 

systems. The similarity of the Constant Initial Concentration (CIC) model with the CF: CS 

model (chapter three) results in the use of this model being restricted to sedimentary 

environments where there is negligible change through time with respect to sediment 

accumulation rates. Implicit in the CIC model is the assumption that 21OPb is derived 

predominately on labelled particles deposited on the marsh surface. For the CIC model the 

calculation of sediment age uses the equation: 

,,,, surface activity) Age at depth (z) x Ln eloPb activity at depth / 21OPbe 
,C 

Where: X= the radioactive decay copstant of 21OPb (0.03114 Bq yf 

Ln = the natural logarithm. 

More common-place within estuarine settings is the application of the Constant Rate 

of Supply (CRS) or Constant Flux model. The key assumption with this model is that the 

21OPb arriving on the marsh surface is dominated by atmospheric inputs. For mature marsh 

environments this assumption has been shown to provide a robust and effective method for the 

accurate determination, of sediment chronologies where conditions of varying sediment 

accretion have occurred (e. g. Appleby and Oldfield, 1978; McCaffirey and Thompson, 1980; 

Wise, 1980; Cundy and Croudace, 1994; Cundy and Croudace, 1996). 

The CRS model seeks to determine the age of any given depth increment within the 

down-core sediment sequence via the detennination of the inventory of 21OPb within the 
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sediment column (Appleby and Oldfield, 1992; Oldfield, 2001). The CRS equation takes the 
form of: 

Age at depth (z) = (1 /). ) x Ln eloPb unsupported inventory below depth z) 
e'OPb unsupported inventory of entire core) 

Where: X and Ln are the same as for CIC model equation. 

Sediment chronologies have been determined from both the CIC and CRS models and 

the results from these calculations are presented in later sections of tl-ýs chapter in tandem 

with the use of the artificial radionuclide methods which are now discussed. All calculation 

spreadsheets are shown in Appendix 5. 

5.4: 137Cs 
and 

24'Am 

Calculation of sediment accretion and mass accumulation rates have been determined 

from detectable peaks in sub-surface activity related to known specific periods of peak input 

to depositional systems. These can then be used as distinct marker horizons and provide and 

independent test of the 21OPb method. In the case Of 137CS these relate specifically to the 1963 

weapons test fallout maximum and t, he 1986 Chernobyl accident. 
A key consideration when attempting to qualify sub-surface activity peaks with 

known periods of peak atmospheric fallout is the time-lag between actual weapons testing 

periods, subsequent stratospheric transport and deposition on the marsh surface. For pre- 1963 

weapons test fallout this lag-time has been estimated to be in the order of 6-13 months 

(Playford et aL, 1992). For the Chernobyl accident in 1986 maximum fallout across the UK 

occurred some 4-7 days after the reactor explosion. As such consideration of a lag-timc period 

is unnecessary unless continued Supply Of 137Cs derived from catchment supply can be seen to 

have influenced any detectable activity maxima. Importantly, any peaks detected must 

represent the actual age/depth horizon to which they are attributed. As such it is important to 

ascertain that no post-depositional mobility of the radionuclide has occurred within the 

sediment column owing to physical reworking, bioturbation or chemical/diagenetic processes 

that may alter the true position of the peak maxima (Cundy and Croudace, 1996). This more 

fully discussed in chapter six of this thesis. 

191 



Chapter Five 

Although the direct input of 24'Arn to Scottish coastal environments derived from 

weapons test fallout was low (Krey et al., 1976; Appleby et al., 199 1) input of 241 Pu did occur 
following the documented periods of above ground detonation of high yield thermonuclear 

devices. This has lead to increased 24'Am activity levels associated with these events due to 

the in-growth of 24'Am from radioactive decay Of 241pU which was a significant component of 

weapons test fallout. Detectable activity horizons within recent sediment sequences are 

therefore likely to play a more prominent role in dating contemporary sedimentary materials 

as 24'Arn in-growth increases with time (Appleby et al., 1991). Little or no 24'pU or 241 Am 

was discharged into the atmosphere as a result of the Chernobyl accident. As such 241 Am is 

not expected to provide a suitable dating horizon if found in sediments at depths 

corresponding to Chernobyl derived deposition and therefore another source or re- 

mobilization must be considered. 

Other non-atmospheric inputs of artificial radionuclides to the Argyll inter-tidal zone 

are those derived from the BNFL Sellafield facility via authorized discharges into the Irish 

Sea. These include 137CS' 241pU and 24'Am. Authorized discharges Of 137CS commenced in 

1952 and peaked in 1975.241pU and 24'Am discharges commenced in 1954 and 1964 

culminating in maximum effluent releases of these two radionuclides in 1973/1978 and 1974 

respectively. A summary of the artificial radionuclide deposition resulting from atmospheric 

and non-atmospheric sources is presented in Figure 5.1. and more fully documented in 

Chapter three. Sellafield derived 24'Am is present within in the Scottish coastal zone owing 

to the decay of the more soluble (10% of total discharged and 5+ oxidation state) fraction of 
241pU transported from the Irish Sea. As a consequence of in-growth during and following 

transport northwards from the Irish Sea and in-situ radioactive decay post deposition, the 

distribution of 24'Am has been more widespread than expected (Williams et al., 1988). 

Measured activity related to specific point discharges can also be used to assess the 

depositional history of sediments into which these radioisotopes have become incorporated. 

This is only possible providing that the discharge history is fully documented and the lag-time 

between the known period of discharge and transit time to the point of deposition is fully 

understood for each radionuclide detected. Of key importance is the 

environmental/geochemical behaviour of individual radionuclides used which directly affects 

the time period between the point source of discharge and deposition at any location. 
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5.5: Structure of radiometric results 

The results of the various radionuclide dating techniques are now presented in specific 

site sections as a composite site by site account. These include the calculated sediment 

accretion rates and mass accumulation rates derived from the combination of natural and 

artificial dating models. 
Results derived from the alpha and gamma spectrometry analysis are presented as 

actual depth vs. activity profiles and cumulative dry mass vs. activity profiles from which 

sediment accretion rates (mm. yfl) and mass accumulation rates (g crri2 yf 1) are calculated. 
The latter plots are additionally important as the reporting of actual accumulated mass 

removes any effects resulting from sediment auto-conlPaction. 

5.6: Loch Scridain 

5.6.1 : 21OPb data 

The 21OPb total activity/depth profile within the core sequence from the head of Loch 

Scridain shows a near-exponential decline with depth down to 15 cm (Figure 5.2). This curve 
is in good agreement with the theoretical profile described in Chapter three (Figure 3.3) and 
displays no noticeable peaks or troughs associated with fluctuations in activity levels down 

the core depth profile. Comparison with the loss on ignition (5501C) down core profile (as a 

proxy for organic content) reveals no significant association of 21OPb total activity with the 

organic fraction of the sediment matrix (Figure 5.2; r2 value of 0.0 18). At depths below 16 cm 
21OPb total activity is dominated by the supported (or background) component derived from 

the in-situ decay of 226 Ra (Figure 5.3). The 2'OPb excess activity versus depth profile and 21OPb 

excess plotted against cumulative dry mass indicates that background (unsupported) activity 

levels resulting from the decay of 226 Ra are reached at a depth of - 16-17cm and cumulative 

mass of 19.5 g crný (Figure 5.3). 

The natural log of 21OPb excess (unsupported) activity plotted against depth for the 

Loch Scridain core records an r2 value of 0.64 for the entire depth sampled for dating (Figure 

5.4). This value is largely attributable to the two sections of the In 21OPb. profile which exhibit 
distinct gradient changes as the activity levels become dominated by unsupported levels. 

These differing sections extend from the marsh surface down to -16-17 cm depth and then 

from this depth down through the core to the lowest sampled increment at 50 cm, where the 
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supported component takes over. The calculated age/depth curve indicates lower ages that 

must be considered as unreliable in terms of providing a chronology for the deeper section of 

this coreand indicate ages beyond the 120 years maximum 'safe' limit . The limit of reliable 

calculated ages is shown in Figure 5.4. 

The mean estimated sediment accretion rate for the core derived from the least 

squares regression of the plot in Figure 5.4b is calculated from the constant flux: constant 

sedimentation (simple model). From the limit of reliable ages this gives a value of 1.1 mm yf I 

with the 2a range (at the 0.05 level of significance) being between 0.9 - 1.3 mm year -1. The 

average rate of sediment accretion determined from the Constant Initial Concentration (CIC) 

model reveals a value of 1.0 mm yfl, in good agreement with the figure derived from the 

simple model. The rate of sediment accretion calculated from the CRS (constant flux) model 

also yields a value of 1.1 mm yfl acquired from use of the reliable limit of the 21OPb 

calculated ages at depths extending down to14-15 cm and CRS model age of 1886 AD (± 7 

years). 
Cumulative dry mass versus CIC and CRS model ages for the marsh core from Loch 

Scridain are shown in Figure 5.5. The two dating models are in very good agreement with one 

another and record sediment mass accumulation over time of 0.14 and 0.10 g cm yfl 

respectively for the marsh sediment from cumulative dry mass of 3.6 to 15 g cm-2. Within the 

upper section of the core from the surface to 3.6 g cm7 2a distinct increase in mass 

accumulation is recorded with the CIC model yielding a value of 1.2 g cm yr", in good 

agreement with the value of 0.90 g cm yf 1 calculated from the CRS model. 
The CRS model is used to investigate variable sediment accretion over time in the 

Loch Scridain core. Detailed inspection of the marsh soil sediment accretion rates derived 

from the incremental CRS model are shown in Table 5.1. These highlight the more discrete 

changes in sedimentation rate plotted against depth (cm) and age (years AD) during the more 

recent period of marsh development within the reliable capability of the 21OPb method. As the 

sedimentary sequence has developed a small decline in rates of accretion with increased 

elevation has taken place from the CRS dated horizon at 16-17 cm depth (age 1867 AD ± 10 

years; and slightly beyond the absolute safe limit indicated in Figure 5.4c), to the depth 

increment at 10- 11 cm (CRS model age 1910 AD ±4 years). Above this ageldepth horizon 

sedimentation rates are maintained at values between 0.8 - 1.1 mm yf 1 for a period of - 85 

years. At 2.5 cm depth (age 1995 AD ± 0.20 years) recent sediment accretion has increased 

from 1995 to 1999 (time of core sampling) to a rate of 6.2 mm yf 1 over the most recent period 

of marsh development. The implications of this finding are discussed in Chapter Eight. 
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5.6.2: 137Cs 
and 

24'Am 
profiles 

Activity depth profiles for the artificial radionuclides 137Cs and 24'Am are shown in 

Figure 5.6. These are also presented as plots against cumulative dry mass to assess the 

position of subsurface maxima more comprehensively. The 137CS profile exhibits a distinct 

peak at 4.5 cm depth and cumulative dry mass of 6.1 g cm-2. Above this peak a more 

pronounced broader increase in activity is evident which extends from the marsh surface to a 

depth of 2-3 cm and cumulative mass of between 0 and 3.6 g cm-2 . 
The 24'Am profile reveals lower levels of activity throughout. Nonetheless two 

distinct peaks are evident at depths of 6-7 cm (cumulative mass of 8.3g CM"2 ) and at 4-5 cm 
depth (cumulative mass of 6.1 g cnf 2). 

The lower 137CS peak may at first glance be taken to represent the signature derived 

from above-ground weapons testing corresponding to 1963 AD. However, comparison with 
the 21OPb derived ages from the CIC and CRS model calculations indicates that this does not 

correspond to a date co-incident with the 1963 peak in activity placing this peak at an age of 
between 1972 - 1975. The comparable peak in 241Am activity would seem to indicate that this 

is also too young to be associated with 1963 weapons test fallout. It seems likely therefore that 

the true position 1963 AD peak related to weapons testing is situated at 6-7 cm. depth and the 
137CS peak in this core has been somewhat masked by marine input from Sellafield discharges 

which are inferred to be responsible for the activity peak of both radionuclides situated at 4-5 

cm depth (Figure 5.6). The uppermost broad activity peak in 137CS is consistent with the 

activity vs. depth profiles from Loch Don (discussed below), which displays a distinct 

signature resulting from Chernobyl. 

Sediment accretion rates calculated from the artificial radionuclide activity peaks give 

estimated values of 1.8 mm yf 1 for 137CS for the lower peak which if actually assigned to the 

weapons test signature is somewhat elevated in comparison to the 'simple model' estimations 

of accretion derived from 21ý)Pb dating (Table 5.1). Accretion rate based upon the lower 

24'Am peak also provide a value of 1.8 mm yf 

Mass accumulation rates calculated from the 137Cs age marker horizons vs. 

cumulative dry mass give values of 0.19 g cm yr-I and 0.17 g cm yf 1 for upper and lower peak 
241'A 

respectively. From the lower M peak at 6-7 cm depth a value of 0.23 g cm yf' is 

calculated (24'Am data not shown in the diagram for clarity). The slight increase in mass 

accumulation is in fact significant and supports the 2'OPb derived increase in most recent 

sedimentation rates occurring on the marsh surface (see Chapter Eight for detailed 

discussion). 
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Importantly, the 137CS profiles indicate the presence of caesium at depths and 21OPb 

model dates that correspond to periods prior to any atmospheric and Sellafield derived known 

periods discharge. Despite this activity levels within the upper section of this core still 

indicate quite distinctive peaks and these are fully discussed in chapter seven of this thesis. 

5.7: Loch Don 

5.7.1 21OPb data 

Measured 21OPb total activity within this core sequence declines gradually down to a 
depth of 10 cm. in an exponential type decay profile (Figure 5.7). Immediately below this 

depth a small decrease in total activity is evident between 10 and 11 cm. This isolated section 

of the activity profile may represent an influx of older unsupported 2'OPb with lower activity. 

Below the 11 cm. depth increment the down-core profile of 21OPb total activity continues to 

decline in an exponential profile. At 30-31 cm. depth 21OPb total activity levels correspond to 

background activity associated with the in situ decay of 226 Ra. Supported activity levels then 

extend down-core to the lower points of measured total activity at 40 and 47cm. These are 

shown in the 21OPb total activity vs. depth and cumulative dry mass plots in Figure 5.8 where 

supported levels of activity occur at 38.6 g cm2. The 21OPb total activity profile shows a very 

week correlation with the loss on ignition 550*C (as a proxy for organic content, ý value of 

0.319, Figure 5.7). The critical value at the 95% confidence level and degrees of freedom (13 

= n-2) yields a value of 0.514 indicating that there is little association of organic matter with 

2 1OPb activity. 
The down--core profile of the natural logarithm (Ln) of 21OPb excess (unsupported) 

activity vs. depth from the Loch Don site reveals an r2 value of 0.94 (at the 0.05 level of 

significance) for the entire core depth sampled down to 50 cm. (Figure 5.9). The average 

sediment accumulation rate for the entire core calculated from the constant flux : constant 

sedimentation (or 'simple' model) yields a figure of 3.4 mm yf 1 (at the 0.05 level of 

significance, 2 cr range 3.0 - 4.0 mrn yf 1). Average sediment accretion for the entire core 

derived from the CIC model calculations gives a value of 3.5 mm yr" from a depth of 30-31 

cm, in good agreement with the simple model derived estimate. Similar to the Loch Scridain 

core a distinct gradient change corresponding to the point at which supported levels of activity 

are reached is apparent in the age/depth profile (Figure 5.9) at a depth of 20-21 cra and a CRS 

model derived age of 1928 AD (± 2.17 yrs). Calculation of the rate of sediment accumulation 

203 



Z qi 
-0 

vi Vi 
u M CD 

0 

ý rý. , 

_r -0 
s 

-, = t; z 
, 

0.0.0. i, 0101 -+ 0 

2 ba) i(; jA1j3V lypol qj olz 

4ý 
C14 

vIt 
ýo 

9 

V'l 

0 

CD 
fi -- 

9 
ei -1 

CD 
cý 
00 

.09 ro'. 

45 

.0 
"0 

CA 

(um) aoujins iqsxLm moloq tpda(I 

a W. ) 

Chapter Five 

0 

0 

E 0 

2 0 
U 

E 

t. C., 

C) V) 
vi 

Ici 

> 

.05 

kg u m 

e2 w4 W 

204 



Chapter Five 

210 PbtoW actiNity (Bq ý') 

0.0 0.1 0.2 0.3 
0i, i61 

-30 

-40 

-50 '' 

Supported 21 OPb 

activity derived from 
226 Ra decay 

21OPbtaW "-, ity(Bqj I 

0.0 0.1 0.2 0.3 

0- 1iI.. Ii 

10- 

20 

30-- 

40 

so- 

60- 
........... ......... Supportcd 21OPb 

activity dcrived from 
226 Ra dccay 

70 1! 

Figure 5.8: 21OPb total activity plotted against sediment depth (cm) and cumulative dry 
mass (g CM72) for the marsh core from Loch Don 
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from the inflection point on the age/depth profile at 21 cm depth to the marsh surface (Figure 

5.9) yields a figure of 2.4 mm yf 1(2 cy range 2.2 - 2.7 mm yr"). This corresponds markedly 

with average sediment accretiontion rate for the lower sections of the profile characterized by 

the steeper gradient for the periods 1892 AD - 1893 AD and 1893 AD - 1928 AD (CRS 

model derived age and error range 1887 AD - 1930 AD). 

The lowest section of the core between 47 cm - 41cm depth (CRS derived age of 

1892 AD ± 5.2 yrs - 1893 AD ± 5.6 yrs) indicates a period of very rapid sediment 

accumulation of - 6.0 cm prior to a significant increase in the organic content of sediment 

above 41cm, (inferred from the LOI 5500C vs. depth profile; Figure 5.7). Above the 41cm 

depth increment to the inflection point at 20-21cm, (CRS model ages 1893 AD - 1928 AD) 

marsh accretion has taken place at an average rate of 5.7 mm yf 1. 

Closer inspection of the CRS age/depth model permits calculation of the incremental 

accretion rates giving a more comprehensive overview of the development of the marsh over 

the last century. The more detailed sedimentary history for the Loch Don marsh core is shown 

in Table 5.2. This highlights well the more rapid rates of accretion that have taken place 

throughout the lower section of the core beneath the inflection point at 20-21cm depth. Two 

distinct periods are recognized where rates of accumulation exceed 7 mm yf 1. In the upper 

section of the core the more detailed sedimentary history provided by the incremental nature 

of the CRS model clearly shows the relatively reduced rates of accretion with increasing 

marsh elevation up to 3.0 cm depth (Table 5.2). Of interest here, is the most recent phase of 

marsh development indicated by the CRS model. From a depth of 3.0 cm (age 1997 AD ± 2.2 

yrs) a relatively rapid increase in sedimentation rate is suggested with a possible maximum of 

10 mm a" over the last few years. 
CIC model and CRS model ages plotted against cumulative dry mass are presented in 

figure 5.10. For the CIC model derived age calculations mass accumulation rates of 0.30 g cm 

yr-1 are recorded for the increment between 5.7 - 32 g cm2. Above this depth between 3.4 - 
5.7 g cmý the rate of accumulation reduces to 0.13 g cm yf 1. In the uppermost near-surface 

section from 0-1 g cmý the accumulation rate increases significantly to an estimated value of 

1.1 g cm yf 1. CRS model derived rates of accumulation are in very good agreement for the 

same depth intervals (Figure 5.10). Calculated rates are 0.33,0.23 and 1.1 g cm yfl. The 

lower section of the core from 25-60 g crn2 indicates a rate of accumulation similar to that in 

the uppermost section of 0.96 g cm yf 1. 
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Figure 5.10: Year versus cumulative dry mass plot for the Loch Don marsh core with 
estimates from the 1-37CS 1963 fallout and 1986 ChernobXl accident marker horizons (blue 
crosses and dashed blue lines). Also shown are the -'OPb constant flux (CRS) model 
estimates (black squares and black dashed lines) and the 2 'OPb constant flux: constant 
sedimentation (CIC) model estimates (red squares and red dashed lines). 
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5.7.2: 137Cs 
and 

24'Am 
profiles 

137Cs and 241 Am activity/depth and activity vs. cumulative dry mass profiles are 

shown in Figure 5.11. Two distinct peaks are evident within the 137Csdown-core profile at 
depths of 8-9 cm and 3-4 cm with cumulative dry mass values of 10.3 and 4.5 g CM-2 

respectively. The lower of these two peaks is likely to be the activity maximum resulting from 

1963 weapons-test fallout. Comparison with the 21OPb CIC model derived age for this peak 

reveals an estimated age of 1964 for the maximum activity at the 8-9 cm depth increment. The 

CRS model ages are also indicative of this peak being co-incident with 1963 atmospheric 
deposition with an estimated age of 1965 (± 2.3 yrs) for the base of this activity peak at 10- 11 

cm depth. Notable in this core is the presence of 137Csat depths below 14-15 cm depth and 

corresponding to ages which pre-date the onset of Sellafield discharges and 1954 above- 

ground weapons testing. 

The upper 137CS peak at 3-4 cm depth represents the relatively higher activity 
maximum resulting from deposti6n following the Chernobyl accident. 21OPb model ages give 

estimated dates of 1987 (CRS derived date ± 0.3 yrs) for the depth increment immediately 

below this peak. However, the CIC model estimation is less conclusive with an estimated age 

of 1981 AD. This activity maximum within the core is superimposed upon generally 
increasing activity levels and 21OPb estimated ages that pre-date the Chernobyl accident and 

are present owing to the influence of discharges from Sellafield. The upper section of the 

graph shows a quite rapid reduction in activity levels likely to be the result of declining runoff 
following the Chernobyl accident and the lack of significant catchment derived input Of 137CS 

to the upper Loch Don marsh site. 
Average sediment accretion rates calculated from the use of these two peaks gives 

values of 2.3 mm yf 1 for the 1963 peak and 2.5 mm yf 1 for Chernobyl input in 1986. These 

values are in good general agreement with the 21OPb model estimations for the upper section of 

the core. 
137CS plotted against cumulative dry mass for the two ages of principal deposition are 

shown in Figure 5.10 in conjunction with the 21OPb model estimates. This indicates some 

discrepancy between the 137Cs and the two 21OPb model derived sediment accumulation rates 

with estimates of 0.57 and 0.54 g cm. yf' for the Chernobyl and 1963 activity peaks 

respectively compared to the estimations given in the previous section for the 2'0Pb models. 
137CS is likely to give higher estimations of sediment accretion/accumulation if downward 

mixing has occurred following deposition (Cundy et al., 1998). Other variation between the 

methods may result from variation in sediment source and/or composition thereby influencing 
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the 21OPb excess flux to the surface of the marsh and also affecting the values if supported 
21OPb (Cundy et al., 1998). The calculated flux Of 2101? b excess to the Loch Don marsh is 0.037 

Bq cm2 yf 1 which is higher than the estimates for typical atmospheric input of 2101? b for 

northern hemisphere landmasses (0.014 Bq cm2 yfl, Appleby and Oldfield 1992). This 

indicates that a fraction of the 21OPb excess supplied annually to the Loch Don marsh surface 

is derived from labelled sediment particles. This may account for the discrepancy between the 
21OPb CIC and CRS models and 

137Csestimates 
of sediment accretion (Figure S. 10). 

24'Am is first recorded in the Loch Don core at a depth of 8-9 cm and CRS model age 

of 1972 (± 0.6 years, Figure 5.11). The CIC model estimates this age to be older at 1981 AD. 

Distinct peaks in 24'Am activity are evident at depths of 4-5 cm and 2-3 cm corresponding to 

cumulative dry mass values of 5.7 and 3.4 g crr? ). Estimated ages for these peaks are 1987 (± 

0.3 yrs) and 1997 via the CRS model. These activity peaks do not correspond with any 137cS 

peaks and there appears to be no discernable peak in 24'Am which can be associated with the 

1963 weapons-test fallout signature in this core sequence. As such the detectable levels of 
24'Arn 

are likely to be result of Sellafield derived discharges and the subsequent in-growth of 
241'A 241pU 

.M from 241pU. Without detailed knowledge of the transit time and subsequent 241Am 

in-growth period it is not possible to utilize measured 24'Arn activity for dating purposes 

within this core. Importantly, the presence of 24'Arn within the near-surface and surface depths 

of the marsh does indicate a continuing supply of marine delivered 24'Am to the marsh at 

Loch Don. 

5.8: Loch Creran 

5.8.1 : 21OPb 

The 21OPb total activity down core profile for the core taken from the head of Loch 

Creran shows an approximately linear decrease in activity within the upper section down to 

10-11 cm depth (Figure 5.12). Immediately below this depth increment 21OPb total activity 

declines slightly down a depth of 16-17cm. at which point the exponential-type decay curve is 

resumed reaching supported levels at depths below 30-31cm. Supported levels of 21OPb are 

shown in Figure 5.13 with 21OPb total activity also plotted against cumulative dry mass. 

Comparison with the organic content of the core (Figure 5.12) derived from loss on ignition 

analysis (LOI 5500C) does not indicate any significant correlation (rý value of 0.215) and 

association of 21OPb activity with the organic fraction. 

The plot of the natural logarithm of 21OPb unsupported activity vs. depth (Figure 5.14) 

yields an r2 value of 0.86 (at the 0.05 level of significance) with a calculated average accretion 
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Figure 5.13: 21OPb total activity plotted against sediment depth (cm) and cumulative dry mass 
(g Cm72) for the marsh core from Loch Creran. The supported (background) value for 2 'OPb is 
indicated by the red dashed line at 0.0087 Bq g". 
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rate of 3.7 mm a-' (2 a range 3.2 - 4.5 mm yf 1) derived from the constant flux : constant 

sedimentation ('simple model') for the entire core profile. The reliable limit of the "OPb 

technique within this core occurs at the depth increment of 25-26 cm and CIC model age of 
1909 AD gives a figure of 2.9 mm yf 1. The CRS model derived sediment accretion rate for 

the same depth interval and age of 1907 AD (± 2.4 yrs) and gives an average rate of accretion 

of 3.3 mm yr "(2 cr range 2.7 - 4.3 mm. yf 1). This indicates good general agreement of the 

two models within this core. 
The CRS method has been used to calculate ages for the sub-sample increments 

which reveal two prominent periods of varying sediment accumulation shown in the age/depth 

plot in Figure 5.14c). The lower of these at a depth increment of between 31-26 cm 

corresponds to a CRS model calculated age range of c. 1849 AD (± 4 yrs) to 1907 AD (± 2.2 

yrs). The upper 26 cm depth to the core surface is dated with the CRS model at age range of 

c. 1907 AD (± 2.2 yrs) to 1999 AD. Average sediment accumulation rate has been calculated 
for these two distinct gradients of the age/depth model and yield rates of accretion of 1.2 mm 

a7l over the period 1849 AD - 1907 AD. However, the likelihood of the lower date being 

unreliable must be considered here. 

Interestingly at this site the rates of historical sedimentation within this core differ 

from the other cores studied in that an older period of relatively reduced sediment accretion is 

followed by a period of more rapid accretion throughout the last century. For the period 1907 

AD to 1999 AD (26 cm depth to the marsh surface) the ln 21OPb unsupported activity vs. 

depth profile reveals an improved r2 value of 0.90 (at the 0.05 level of significance, Figure 

5.12). The mean sediment accretion rate for this upper section of the core calculated from the 

least squares regression of this plot gives a figure of 2.4 mm a-' (2 cr range 0.22 - 0.27 cm. a-'). 

The depth incremental nature of the CRS model provides the mechanism by which the 

more detailed sedimentary history of the core can be investigated. The breakdown of the 

historical sedimentary development of the Loch Creran core is shown in Table 5.3 and 

indicates the generally lower rates of accretion that occurred in the marsh up to circa. 1945 AD 

in comparison to the upper core section (Table 5.3). An exception to this trend occurred 

between circa. 1849 AD (± 4 yrs) and 1907 AD (± 2.2 yrs) when the average rate of 

sedimentation reached 2.9 mm yf CRS derived error range of 2.8 - 3.0 mm yf 1). Although 

the lower date here lies outside the 120 year maximum usually limiting the 21OPb method this 

may be more reliable owing to the lack of physical disturbance evident in the core sequence. 

Above the 17 ern depth horizon accretion rates fluctuate around an average of 3.2 min yr-1 to 

the 7 cm depth interval (age of c. 1977 ± 0.45 years). From this age/depth interval to the 3 cm 

depth point (age of c. 1995 ± 0.1 yrs) rates decrease slightly to a minimum of 2.0 mm yf. 
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Figure 5.15: Year versus cumulative dry mass plot for the Loch Creran marsh core with 
estimates from the 137CS 1963 fallout and 1986 Chernobyl accident marker horizons (blue 
crosses and dashed blue line) and the constant flux 21 OPb (CRS) method (dashed black line and 
black squares). The best fit line for the constant flux/constant sedimentation (CIC) method is 
not shown owing to the close approximation of the two models (red squares). 
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peaks in 131Cs and 241,, kM which correspond to 1963 weapons fallout signature recorded in this core 
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Importantly, the calculated rate of very recent sediment accretion within this core 

sequence has increased significantly over the period 1995- 1999 to a rate comparable with that 

identified within the core sequences from the Isle of Mull calculated at 6.2 mm yr" (Table 

5.3). This is highlighted further in the summary section at the end of this chapter and 
discussed fully in chapter seven. 

The cumulative dry mass vs. age plots for the 21OPb CIC and CRS models are shown 
in Figure 5.15. This indicates the close agreement of the two models for dating the core from 

Loch Creran and the line of best fit to describe the rate of sediment accumulation is shown for 

the CRS model only for improved clarity. The CIC and CRS calculated rates of sediment 

accumulation are 0.36g cm yf 1 for both models for the increment corresponding to 4- 36 g 

cm'. For the uppermost 
, 
section of the profiles the models are also in good agreement 

recording accumulation rates of 1.2 and 1.0 g rn yf 1 for the increment corresponding to 0-4 

gM CM2. 

5.8.2: 137Cs 
and 

24'Am 
proffies 

The 137Cs and 24'Arn activity/depth and activity vs. cumulative dry mass profiles are 

shown in Figure 5.16. The 137Cs activity down-core profile reveals two distinct peaks at 9-10 

cm depth and an increased activity peak at 4-5 cm. depth. 'Mese depths correspond to a 

cumulative dry mass of 13.6 and 6.9 g Cm72 for the lower and upper activity peaks 

respectively. For the lower of these two peaks the 21OPb CIC and CRS model calculated ages 

gives an estimated age of 1965 and 1964 respectively for the depth increment at 10-11 cm 

immediately below 9-10 cm depth increment. In light of these ages it is possible to therefore 

assign this activity peak to the 1963 weapons fallout signature with a high degree of 

confidence. Similarly the upper activity peak is dated via the two models at 1987 and 1985 (± 

0.26 yrs) respectively. This therefore represents the activity peak associated with 1986 

Chernobyl derived atmospheric deposition. Sediment accretion rates calculated from the two 

peaks in 137Cs activity yield values of 2.7 mm, yr " for the 1963 weapons signature and 3.5 

mm yf 1 for the peak associated with Chernobyl derived ceasium. Similarly, the cumulative 

dry mass accumulation rate for the two activity peaks are 0.45 and 0.53 g cm yf 1 (Figure 

5.15). 

Both of these peaks are superimposed upon generally increasing levels of activity 

associated with the onset of Sellafield derived discharges in 1952 and the discharge maximum 

which occurred in 1975 and to a slightly lesser extent in 1980. Importantly, measured levels 
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of 137Cs activity occur at age/depths prior to both the onset of Sellafleld discharges and pre- 
1963 above-ground weapons testing. 

The 24'Arn profile reveals a series of peaks which are accompanied by extremely low 

levels of activity. 24'Am is first recorded in the marsh core from Loch Creran at a depth of 15- 

16 cm (cumulative dry mass 15 g cm2) and age corresponding to the mid 1940s. This indicates 

the presence of 24'Am at depth increments that also pre-date the onset of 24'Pu and 24'Am 

derived from Sellafield discharges and 1963 weapons test fallout. The lowest activity peak in 

this core occurs at a depth of 13-14 cm and corresponds to a 21OPb CRS model age of between 

1952 and 1957. This may well represent the time period during which initial deposition of 

Sellafield derived 241pU occurred on the marsh surface at Loch Creran. The next peak in 241 Am 

activity does correspond exactly with the 1963 peak in 137Cs attributed to weapons test fallout 

and this therefore represents the signature of this artificial radionuclide derived from 241pU in_ 

growth associated with above-ground nuclear testing. As such, the sediment accretion and dry 

mass accumulation rates are the same as those calculated for 137Cs down-core activity. 

Above this depth/age increment the two activity peaks occurring between 5 and 8 cm 

and 4-5 cm are likely to be the result of continued in-growth of 24'Am derived from Sellafield 

as no 241pU or 24'Am was associated with the Chernobyl accident in 1986. Importantly the 

presence of detectable levels of 24'Am activity within the near-surface of this core sequence 

does indicate the influence of marine derived input of this radionuclide to the upper marsh at 

Loch Creran. 

5.9: Loch Etive 

5.9.1: 21OPb data 

Within the down-core profile of the marsh sequence from the head of Loch Etive 

21OPb total activity declines steadily with depth in a near-exponential curve (Figure 5.17) 

reaching background (supported) levels of activity at depths below 30 cm (Figure 5.18). 

Comparison of the 2'OPb total activity with the organic content (using LOI 5501C as a proxy 

measurement) reveals no significant association of 21OPb with the organic fraction in the 

sediment (r2 value of 0.023, Figure 5.17). This is confirmed by the critical value for the 

significance at 95% confidence levels (n7-15; df=13) of 0.514. 

The In 21OPb unsupported activity versus depth profile yields an ? value of 0.70 (0.05 

level of significance) for the entire core depth sampled. The mean sediment accretion rate 

221 



- til k1f) c, 

"a LK 00 u 

oq r,: Iýq ', I: N Cp 0 C> CD CD CD Q d 

(1_2 ba) (I! AI13V julojL qj,,, 

M 
eq 

0 

C 

Wl 

0" 

©©©00© 

1" 

00 6 

. r, ý 7ý 

ýý, ýs b 

1 10 ; Jn 

'Jý C-4 
F 

1. CýA 

E 
.=9 

r4 

Cý If., 
(tua) ; ): )vjins qsiutu molaq q; da(I 

Chapter Five 

1.0 
CD 
0.4 

m 

4ý 

0 

.2 

CD 

u2 

CD 
V') 

C 

. 2. -0 

cu 
0 

> 

> 
0 

.Z IZ. 

). 0 = 

222 



Chapter Five 
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Figure 5.18: 21OPb total activity plotted against sediment depth (cm) and cumulative dry 
mass (g cm -2) for the marsh core from Loch Etive. 
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calculated from the constant flux: constant sedimentation or ('simple model') gives a figure of 

4.0 min yf 1 (2 a range 2.9 - 6.6 in a"', Figure 5.19). The CIC model reveals an accretion rate 

of 1.9 mm yf 1 down to a depth of 26 cm below which calculated dates become highly 

spurious as they indicate ages below the reliable limit of the 21OPb method. The CRS model 

calculated accretion rates for the same age/depth interval yield a value of 2.2 mm yf 1 

indicating the good overall agreement between the two model derived accretion rates for this 

defmed depth. Below this point the CRS dates are more reliable and give improved estimates 

of sediment accretion within the lower section of this core with an average figure of 4.9 mm 

yf 1 for the age increment between 1872 AD (± 4.9 yrs) to 1923 AD (± 4.4 yrs) and depth 25 - 
51 cm. The cumulative dry mass vs. age plot (Figure 5.20) also highlights the similarity in the 

sediment accumulation rates derived from the two models. CIC model derived values of 0.21 

g cm, yfl and CRS derived values of 0.28 g cm. a" are calculated for the accumulated dry mass 

between 4.4 and 21 g cm. 
The CRS model is further utilized to calculate incremental ages and sediment 

accretion rates for the entire core profile and this is shown in Table 5.4. This reveals distinct 

periods where variable rates of sediment accretion have occurred during the development of 

this core sequence. Notable in the core is the very rapid (possibly instantaneous) deposition 

revealed by the upper and lower dates at depths corresponding to the lower and upper contact 

of the dark black silty sand unit shown in detail in chapter four. The calculated CRS model 

derived dates for these two contacts are 84.2 and 85.7 years giving an age of 1914 AD (± 4.8 

years). Rates of accretion then decline at distinct incremental periods to a depth (up-core) of 

10- 11 cm. and age of 1954 (± 2 yrs) from which point accretion rates average between 1.5 - 

2.0 mm. yf 1 until 1995 (± 0.1 yrs). 

In the near surface the CRS model reveals an increased rate in sedimentation over the 

most recent period of the last five years with a calculated average figure of 3.7 min yr". This 

increase is also apparent in the cumulative dry mass vs. age plot which indicates sediment 

mass accumulation of 1.1 g cm A-' over the period corresponding to 0-4.4 g cm2 (Figure 

5.20). 

5.9.2 : 137CS 
profdes 

The down-core profile of 
137Cs 

activity for the Loch Etive marsh core is shown in 

Figure 5.21. Two distinct activity peaks are immediately obvious situated at 8-9 cm. depth 

(cumulative dry mass of 12.2 g cmý) and 3-4 cra depth (cumulative dry mass of 5.8 g cm). 
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Figure 5.20: Year versus cumulative dry mass for the Loch Etive marsh core with estimates 
from the 137CS fallout and 1986 Chernobyl accident marker horizons (blue crosses and dashed 
blue Imes). Also shown are the 210 Pb constant flux (CRS) model estimates (black squares and 
dashed black Imes) and the "OPb constant initial concentration (CIC) model estimates (red 
squares and dashed red line; not shown for lower unreliable values). 
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These two peaks correspond extremely well with the 1963 weapons fallout signature and the 
1986 Chernobyl accident based upon 21OPb CRS model dates giving ages of 1963 AD (± 3.7 

yrs) and 1985 AD (± 2.6 yrs) for the depth increment immediately below this peak at 4-5 cm. 
The CIC model derived dates are far less precise and give age estimations of 1946 and 

1979 for the lower and upper peaks respectively. These are considerably older than the CRS 

calculated dates and suggest activity at depths which cannot be attributed to either the onset of 
Sellafield discharges in 1952, pre-1963 weapons-test fallout or the 1986 Chernobyl accident. 
As such the CIC model dates are considered to unreliable in terms of ascribing dates to the 

activity peaks within this core. 
Calculation of sediment accretion based upon the these two peaks yields estimated 

rates of 2.5 mm, yr-1 for the 1963 weapons-test signature and the 1986 Chernobyl accident. 
These estimations are in good agreement with the CRS model derived incremental accretion 

rates shown in Table 5.4 for the upper (10 cm) section of the core. However, they do not agree 

well with the estimated accretion that has recently occurred over the past four to five years or 

so on the marsh surface. Rates of sediment accumulation calculated from this method are 
derived from the plot of cumulative dry mass vs. age and give values of 0.34 and 0.45 g cm 

yf 1 (Figure 5.20). 

The 137Cs activity/depth profile also indicates the influence of Sellafield discharges 

between the two CRS model dated activity peaks. Measurable activity levels are still evident 
in the uppermost section of the core suggesting a continued source Of 137CS input to the marsh 

surface. Measureable levles of 137Cs have been detected in the surficial sediments of Loch 

Etive (e. g. Ridgeway and Price, 1987; Murray et al., 2003). Additionally, activity is also 

detected below age/depth horizons prior to the onset of above-ground weapons-testing and 

discharges from the Sellafield facility. 
24'Arn corresponding to Sellafield derived marine input has not been detected within 

this core sequence which is due to activity levels being below detection limits for the gamma 

spectrometry method. However, the lack of a 1963 weapons test signature is not fully 

understood bearing in mind that a distinct atmospherically derived activity peak from 

Chernobyl is present. 

5.10: Overview of the sediment geochronolgy 

Measurement of the naturally occurring radionuclide 21OPb has been used to provide a 

geochronology for the four marsh cores from sites in Argyll. Average rates of accretion for the 
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entire core obtained from the 'Simple model' calculations are an over-estimate of the true 

rates of sedimentation occurring on the mature marsh surfaces. 
Rates of sediment accretion derived from the CIC and CRS models are generally in 

good overall agreement with slight deviation evident in the cores from Loch Don and Loch 

Etive. 

The CRS, model is further used to calculate averages rates of sediment accretion from 

specific depths that correspond to the mature marsh settings and the reliable capability of the 
21OPb method. These highlight the different rates of marsh development over the last century 
from the four sites and rates are derived from the least squares regression plots of Ln of 
21OPbý,, 

c... activity vs. depth for the four cores over the depth and time period indicated in 

Figure 5.22. A summary of these rates with the calculated estimations presented in Table 5.5. 

The Constant Rate of Supply (CRS) model also provides a more detailed breakdown 

of the variable sediment accretion that has taken place within the cores from each site (see 

Tables 5.1 - 5.4). Cumulative dry mass vs. age plots provide additional information regarding 

the rate of mass accumulation within each sequence which can be seen to vary over distinct 

periods of marsh development (Figures 5.5,5.10,5.15 and 5.20). 

Detailed inspection of the uppermost sections of the cores dated via the 2'OPb CRS 

model has revealed a very recent increase in sediment accretion rates recorded in all four 

cores across a 70 Ian transect in the Western Highlands. The estimates of increased sediment 

deposition are determined from the incremental dated depth horizons within the sediment 

sequences of the four cores. In most cases, the dated depths within the sediment column can 

be considered to provide a robust model of the individual core depositional history over the 

last two decades with age range errors typically less than 1-2 years for the dated depth points. 

Calculated accretion rates based upon depth of sediment accumulated over time are 

dependent upon sampling resolution which for this study has been undertaken at intervals of 

2cm within the near-surface marsh soil. Importantly, the depth increments described in the 

modeled age/depth profiles are given at intervals corresponding to an average of the I cm thick 

core slice (i. e. 0.5 cm depth being equivalent to the 0-1 cm depth increment). The immediate 

consequence of this method is to under-estimate the actual depth increment by which the 

marsh has accreted during the most recent past. In other words accepting the most recent 

period of deposition to have occurred between 0.5cm. and 2.5cm depth. Hence, the actual 
depth increment must include the uppermost 5mm and also the lower 0.5mm with respect to 

the depth of sediment represented by the 1 cm. thick sampling resolution. This is vitally 

important as the calculated activity of these I cm, thick core slices contains a proportion of the 
"Pb corresponding to both the upper and lower sub-increment and as such both higher and I 
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Fin, 

Sediment Accumulation Rate 
Core Site Location 

Mean I (-f i-aii oe 2 (1 I-ange L- 
O-nm a-') (mm a- 011111,1 

Loch Scridain 3.1 2.6 -3.6 2.2 5.6 
(core I) 

Loch Don 3.4 3.2 3.7 3.0 4.0 
(core 4) 

Loch Creran 3.7 3.5- 4.0 3.2 4.5 
(corel) 

Loch Etive 4.0 3.4 1.9 2.9 6.6 
(core 1) 

'rabic 5.5: Summary of the 21()Pb 'Simple model' dcrivcd average sediment 
accumulation rates for the entire marsh core sequences from Argyll \Vcstcril 
Scotland based on the natural logarithm of 2'('Pb excess activity vs. depth profiles 
for the Argyll marshes 
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Sediment Accumulation Rate 
Core Site Location 

Mean I (Y range 2 cy range 
(mm a- jinin a*') (nim 

Loch Scridain 
(core I tipper 19 cun) 1.1 1.0 1.2 0.9 1.3 

CRS age = 1847 AD (-- 9 yrs) 
- present 

Loch Don 
(core 4 upper 30 cm) 2.4 2.3 - 2.5 2.2) 2.7 

CRS age ý 1904 AD (- 4 yrs) 
- present 

Loch Creran 
(core I uppet-26cm) 3.3 3.0 3.7 2.7 4.3 

CRS age = 1907 AD (± 2yrs) 

- present 

Loch Etive 
(core I tipper 30cm) 2.2 2.1 -2.5 1.9 2.9 

CRS age = 1925 AD (± 5 yrs) 

Tabie -5.6 :2 'OPb 'Simple model' derived average sediment accurnulation rates i, or tile 
upper sections (depth and CRS age with crrorr as indicated) for the Argyll salt marsh cores 
derived from the least squares regression of the natural loparithin vs. depth plots shown in 
Figure 5.22 
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lower values of activity. Put more plainly, the activity is only in average of tile clitil-c I cin 

slice and will contain unsupported 110 Ilb both older and younger than the 0.5 or 2.5 specific 
depth interval. If the 0-1 cm depth increment is taken to include the uppermost 5mm and Ilic 

2.5cm increment includes the lower 5mrn to depth ot'3 cin then the total depth suh-s;, 111pled IS' 
increased from 2 to 3 cm. This has important fflýiplicallons for the recent rates 01' sediment 

accretion during the latest penod of' the last century. Thesc are suniniarizcd in Table 5.6 

below. 

Core Site Age Period Sediment accretion rat 
Location (years AD) 0.5 cm to 2.5 cin 

Loch Scridain 
1995- 1999 5.0 

(core I) 

Loch Don 
1997-2000 6.6 

(core 4) 

Loch Creran 
1995- 1999 5.0 

(core I 

Loch Etive 1995-- 1999 5.0 

(core 1985 - 1999 (0 50 min) 2.8 

ý. (fit III a 1) 

Liil'. Icc to 3.0 cm 

7.5 

10.0 

7.5 

7.5 

3.6 

'rable 5.6: Revised sediment accretion rates during the latter part of the last decade I'M the f0ur marsh 

cores from re-evaluation of shallow sub-surface depth increment,, and ' H) Pb unsupported act1% Ity within 

the specific depth horizons measured in this study. 

These data indicate that during the very recent period ofmarsh evolution a significant 
increase in the rates of surface sediment accretion at all four sites has occurred. I'lle 

implications of these findings are fully discussed in chapter seven ofthis thesis. 

Measurement of the artificial radionuclide "'Cs has provided a suitable method with 

which to estimate of sediment accretion derived From the various "') Pb dating models. 
Conversely, the 2 ")Pb does permit identification of and 24 'Am at depths that prc-datc the 

onset of anthropogenic discharges. This indicates that both MC s and 2"Am show evidence for 

mobility within the Argyll marsh sediments as reported in other studies (e.. g. Fvans et al., 

1983; Davis ct al., 1984, Anderson et al., 1987; Conians ct al., 1989; Hunt and Kershaw, 

1990; Short, 1995). 
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In all cores an activity peak associated with 1963 weapons-test fallout signature has 

been determined. Similarly, an activity peak corresponding to the rapid deposition resulting 
from the Chernobyl accident in 1986 is superimposed upon the generally increasing activity 
levels associated with Sellafield discharges in all cores except that from Loch Scridain on 
Western Mull. Here the identification of the near surface activity maximum is more 

problematic and therefore uncertainty exists as to whether this is actually due to input derived 

from Sellafield. 

Estimations of sediment accretion using the 137Cs activity peaks ascribed to these 

dates are in good general agreement with the average rates determined via the incremental 

nature of the CRS model for the marsh development in the latter half of the last century. These 

are summarized in Table 5.7. 

Dating with 24'Arn activity profiles is more problematic in the Argyll marsh cores. A 

1963 activity peak is discernable in the core from Loch Creran and therefore will yield 

sediment accretion rates comparable to the 137Cs 
estimations. It is likely that the small peak in 

of 
241'A 

the core from Loch Scridain is associated with in-growth M from 24'Pu and thus may 

represent the 1963 signature within this core. However, in the cores from Loch Don and Loch 

Creran 24'Am is detected at age. /depths that correspond to periods that post-date the influence 

of 1963 weapons testing fallout. Detectable levels of 24'Am are likely to result from Sellafield 

241 Pu discharge and subsequent in-growth to 24'Am. As such this does illustrate the continuing 

marine influence in the near- surface sediments of the sites from sites situated on the Isle of 

Mull and at Loch Creran. The lack of measurable 24'Am activity in the core from the head of 

Loch Etive is somewhat unexpected although previous studies have only detected extremely 

low values (e. g. Williams et al., 1988). T11is is most likely to be the result of low 241, &M 

activity levels below levels of detection, the limited exchange between the anoxic upper 

basins of the loch and the inter-tidal environment and the differential relative mobility Of 137CS 

and 24'Am radionuclides. 

Importantly, the presence of 24'Am detected within the upper sections and surface 

sediments of the cores from Mull and Loch Creran does illustrate the continuing marine 

influence within the high (mature) marsh setting of these locations. 

5.1 1: 21OPb fluxes 

Fluxes of 21OPb 
....... can be used to assess the reliability of the chosen models by 

providing a direct comparison to the concentration vs. depth distribution of elemental Pb. 

Furthermore, calculation of 21OPb inventories and decay-corrected annual 210Pb,. 
e. fluxes can 
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Rate of Sediment acc retion / acenmulation 
Core 

Location 1963 Weapons-test fallout 1986 Chernobyl accident 
T 

(rnm a-') (g ern a-') (111111 a 0" C111 a 
Loch Scridain 

(core 
1.8 0.17 Uncertain? 0.19 

Loch Don 
(core 4) 

2.3 0.54 2.5 0.57 

Loch Creran 
(core 1) 

17 0.45 3.5 0.53 

Loch Etive 
(core 1) 

2.5 0.34 2.5 0.45 

Table 5.7: 13 'Cs derived sediment accretion (inni yr-1) and mass accumulation (g crn yr 1) rates 

for the Iour marsh cores based upon activity peaks within the cores assigned to 1963 weapons test 

fallout and the deposition resulting from the 1986 Chernobyl accident. 
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be used to assess the affects of early diagenetic post-depositional remobilization of ... Pb 
(Allen et aL, 1993; Cundy, 1994). In closed stable marsh systems the annual flux should be 
fairly constant if little or no remobilzation has occurred. Inventories of 21OPb are also useful 
for inter-site comparisons where dating has been undertaken. 

Fluxes are calculated by multiplying the activity at depth (z) by the dry bulk density 

(p) and sediment accretion rate using 137Cs derived values. Decay-correction of 21OPb activity 

uses the equation: 

A =Aoe-m 
where: A= the decay corrected activity 

AO = activity at depth (z) 

X= the radioactive decay constant of 21OPb (0.03114 Bq/ yr) 
t= sediment age determined from 137Cs accumulation rate divided by 

depth 

These values are then used in the determination of decay-corrected flux calculations. 
Calculated fluxes of Pb and 21OPb,,,, 

.,. are shown in Figures 5.23-5.26. Flux of Pb to 

the marsh surface has been determined using the CRS model derived variable accretion rates 

from all cores. The apparent flux of 21OPbe,,,,,, activity has been determined using the 137cS 

derived rates of accretion from the 1963 AD activity peak. Also shown are the decay- 

corrected flux vs. profiles of 21OPbe 
.,,,, es,, activity. 

The profiles of 21OPb apparent and decay-corrected flux reveal that little correlation 

with Pb is evident in all cores indicating little association with elemental Pb. 

Flux calculations show that the annual flux is fairly constant at each site but an 

underlying trend of general increase is evident in the upper sediment layers of all cores. In 

particular the near-surface layers do show significant flux increases in response to most recent 
increases in marsh sedimentation. This may provide some evidence suggesting an earlier 
increase in fine particulate material not immediately obvious from the sediment accumulation 

models. Annual fluxes and inventories of 21OPb are summarized in Table 5.8 along with detail 

from published works for comparative purposes. These data reveal that the Argyll marshes 

have experienced comparable fluxes of 21OPbe,,,, 
ss activity to other sites in particular the more 

macro-tidal environments of the eastern U. S. A. Additionally, 21OPb inventories are in good 

general agreement with marsh sites investigated in the Solent region (Cundy and Croudace, 

1995). increased flux recorded in the near-surface 'Sediments of all cores reflects the recent 

increase in detrital sedimentation as opposed to any early diagenetic influence. 
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5.12: 137CS Inventories 

Inventories of radionuclide activity beneath a unit surface area can calculated via the 

integrated sum of activity, sample density and sample thickness (Table 5.9). Calculated 

inventories therefore provide a means of estimating the total activity in a given core depth. 

In marsh sediments this activity (inventory) will be a product of the differential mechanisms 

controlling the supply and removal Of 137CS from the inter-tidal environment. A number of 

processes therefore influence the activity at any given time present within the sediment 

sequence. These include: 

" Direct atmospheric deposition (e. g. weapons testing & the Chernobyl accident). 

" Deposition of labelled particles from marine and fluvial sources. 

" Loss of radioactivity through radioactive decay of the Cs isotope. 

" Removal of eroded particulate matter with which 137Cs has become associated. 

" Molecular diffusion out of the sediment prism into sediment pore waters and the 

surrounding water column over the tidal period. 

The marshes in western Scotland preserve a record of atmospheric deposition resulting 

from known periods of atmospheric fallout (weapons testing & Chernobyl). This record of 

deposition will have been enhanced by marine inputs derived from Sellafield throughout the 

period of marsh development at these sites. Direct comparison with estimated inventories of 

cumulative atmospheric deposition (e. g. Playford et al., 1992) are, therefore, highly 

problematic and unrealistic given the complex depositional history resulting from the 

combination of the different sources Of 137CS contained in the Argyll marshes. 

The detection of Cs at depths pre-dating known periods of atmospheric and marine inputs 

indicates that some remobilization of the Cs isotope has taken place. This coupled with 

radioactive decay represents a potential loss from the inventory (depth) for which calculations 

have been obtained. Continued Supply Of 137CS from labelled particles derived from marine 

re-working of the marsh systems and fluvial input of radioactivity derived from Chernobyl are 

likely to continue to influence the overall inventories at each site. The recent increases in rates 

of sediment accumulation recorded at each site suggest that remobilization of eroded and 

labelled marine particles may represent a significant influence on 137Cs recycling in these 

marshes. As such, in dynamic coastal systems influenced by coastal forcing mechanisms 

inventories only provide at point in time estimation of core 137Cs activity. 
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6.1: Introdudion 

Major element geochemistry determined from x-r-f analysis of post 950"C LOI samples 
fused glass beads is now used to describe the largely mineralogenic composition and variability 

therein of the marsh cores from Argyll. The elements used for this assessment are associated 

with the inert lattice-bound phase of sedimentary minerals and are, therefore, useful indicators of 

changes in sedimentary material recorded in the down-core element abundance/depth profiles 
(Shotyk et al., 1990). An overview of the trace element composition is also presented from 

which further analysis is undertaken regarding the marsh geochemistry. 
However, the geochemistry of saltmarsh environments is highly complex and not 

simply constrained by the minerogenic and organogenic input to marsh soils. Other physio- 

chemical processes occur as a consequence of the interaction between sediment constituents (e. g. 
Fe, Mn and S), organic matter and early-diagenetic post-depositional chemical reactions. The 

extent of these processes are highly influenced by the alternating oxidizing and reducing 

conditions resulting from the regular watering and de-watering that takes place over the tidal 

cycle. This increases the height of the water table during tidal inundation creating anoxic 

conditions (Williams et al., 1994) and promotes a gradual return to more oxic conditions 
following the ebb phase of the tide (Chapter Two). In mature (high) marsh environments diurnal 

flooding of the marsh surface is only significant during the spring tide phase of the monthly tidal 

cycle when the marsh is inundated for a limited period in comparison to the low marsh/mudflat. 

The period during which mature marsh settings are exposed to the atmosphere is therefore longer 

and likely to provide the mechanism for a sustained period of more oxic conditions within the 

upper marsh section of the core S. 
The distribution of 2'oPb and artificial radionuclides (137Cs and 2"Am) within marsh 

sediments can potentially be altered by early diagenetic post-depositional reactions. Evans et al 

(1983), have suggested that in the case Of 137CS 
, the strong association with the clay fraction and 

the fact that this isotope has only one" oxidation state results in a reduced likleyhood of this 

anthropogenic isotope being oxidized or reduced. In this study, progressively irreversible 

sorption of 137CS over time has occurred within the clay inter-lattice sites as a result of 

competition and replacement of caesiurn cations by NH4+ ions at the surface and edge sites of 

clay minerals. Such behaviour has also been described by Comans and Hockley (1992). 
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The environmental behaviour of 24'Am is largely dominated by the formation of strong 

complexation with oxygen containing ligands (oxides, hydroxides, phosphates, carbonates and 

sulphates) and fluoride (Dyer, 200 1). 24'Am has a low affinity for sulphide and chloride ions and 
is trivalent under both reducing and oxidising conditions. Some studies have suggested that 
"'Am is not likely to be significantly remobilized in marsh sediments (e. g. Allard et al., 1984; 

Morris, 2002). However, significant association between 24'Am and Fe and Mn oxyhydroxides 
has been documented which may provide a mechanism by which remobilization Of 241AM can 

occur as highlighted by the study of Short (1995). 

The result of early diagenetic processes can lead to significant post-burial redistribution 
in marsh settings where a strong redox-cline is identified. If this has occurred then the reliability 

of the established geochronology may be seriously compromised (Ridgway and Price, 1987; 

Comans et al., 1989: Benoit and Hemond, 1991; Cundy et al., 1996). As a consequence of this 

possibility it is of great importance to assess whether such processes have influenced the down- 

core depositional record of radionuclide distributions used for geochronological control. This 

can be achieved by identification of the redox driven zonation within the marsh cores and 

assessment of any significant redistribution of redox-sensitive elements within specific depth 

horizons that are shown to influence the behaviour of radionuclides. 

6.2: Fe, Mn and Sulphur geochemistry. 

The bio-geochemical cycling of iron, manganese and sulphur within saltmarsh 

sediments involves a highly complex series of geochernical post-depositional reactions with both 

the inorganic and organic fraction of the sediment matrix. Such reactions are dependent upon the 

differential redox conditions prevalent within the sediment column. These result in the 

dissolution and precipitation of these elements within the oxidized and reduced sections of a core 

arising also from the sequential utilization of different chemical species during the 

decomposition of organic material (reviewed in Chapter Two of this thesis). The distribution of 

these major elements throughout marsh sediment sequences can be used to provide an initial 

assessment of the redox zonation based upon an understanding of the geochernical processes that 

govern their post-depositional behaviour. Solid phase Fe, Mn and S have been determined on 

fused beads by x-r-f analysis an& inspe&tion of the down-core concentrations of these elements 

can be useful in determining the broader redox-zonation in relation to the core stratigraphy. 
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Further detail is provided from the distribution of certain redox-sensitive trace elements, which 
help to further constrain redox zonation in the Argyll marshes. 

6.3: Redox zonation and early diagenesis in the Loch Scridain marsh core 

6.3.1: Iron distribution 

Fe distribution within the core from Loch Scridain (Figure 6.1) shows enrichment in the 

near-surface layers of the sediment prism at a depth of 2-3 cm and 14-15 cm with values up to 

12.8 wt %. This corresponds broadly to an the upper section of the LOI profile where multiple 

peaks in organic carbon content occur within the section of the sediment prism which contains 

surface vegetation and visible root structures at shallow depths. These elevated levels of Fe are 
likely to be the result of the burial of oxidised Fe minerals deposited on the marsh surface andthe 
formation of authigenic ferric oxyhydroxides caused by upward diffusion leading to subsequent 

oxidation of Fe 2+ within the oxic/post oxic sediments. Variation in mineralogy is unlikely to 

have influenced the formation of these peaks due to a lack of coincident variation in the Al and 

K profiles over the same depth interval. 

'Me colour of the upper sediment prism is dark/brown black and inspection of the core 
does not reveal the presence of significant orange Fe-rich concretions which have been observed 

within other studies of marsh sediments (Boulegue et al., 1982; Luther et al., 1982; Cundy and 

Croudace, 1995; Lewis, 1997; Dyer et al., 2002). Hence, the precipitation of ferric Fe coatings 

within the sediment of this core is inferred from the wt % content but cannot be identified 

visually in tandem with the core log. Within the deeper section of the core Fe content is 

maintained at fairly constant values down to a depth of 29 cm. Below this depth enrichment of 

Fe occurs between 29 and 41 cm depth with a value of 13.7 wt % indicated by a distinct peak at 

35-36 cm. Ibis peak is mirrored in the Fe/Al depth profile (Figure 6.1). The weak correlation of 

Fe with Al ( r= 0.25, Figure 6.2) indicates that early diagenetic processes are a more significant 

factor contolling the distribution in the Loch Scridain core than changes in sediment 

composition. 

247 



Chapter Six 

llý 

4d 

U 

n 

- 
0 
04 

0 I 
0 0 0 0 0 0 0 0 

0 

0 

0 

000 

0 0 C5 0 0: 0 0 0 

(uio) oolejms Tpium tAoloq ipcb(I 

m 

0- 

1-ý 

v 

N\A 
-V 

C 0 
C 

0 
Q 

0 0 0 Ö 0 0 0 
C4 C) It) CD 

I I I S S S 

ýý q ;ýo 
wo 

ci 
I 1ý I? IT I? I pr 

(tao) oolopns iqsnui molaq ipcb(I 

248 

.2 
9) 

u --CJ t 
�-., 

.2 

c) "Ci 

"0 ý. 

u2 .- 

Mc 
0 

9Z. 5 

"U (A 

ce ý, -0 

.. Co rA 

-ý 2Qu 

Z0 ,ub ll . r- 
0u0 

u2 4N 



Chapter Six 

6.3.2: Manganese distribution 

Mn in the Loch Scridain core shows very slight enrichment in the near-surface layers 

extending from 10-11 cm depth up-core to the marsh surface with a maximum value in this 

section of 0.24 wt % (Figure 6.1). These slightly elevated concentrations are maintained in the 

near-surface layers as a result of the deposition of Mn-bearing particles and the precipitation of 

authigenic Mn oxyhydroxides. These form from the upward diffusion of Mn2' cations into the 

prevailing oxic conditions within the surface sedimentary layers of the core. Canfield et al., 
(1993) have reported the significant adsorption of Mn2+ onto sedimentary surfaces containing 
fully oxidised Mn-oxides which results in reduction of the latter phase (Lewis, 1997). At depths 

below this surficial section of the core significant enrichment of Mn occurs at the depth 

increment of 14-16 cm. This is also mirrored in the Mn/Al profile (Figure 6.1). Below this depth 

depletion of Mn occurs down to 29-30 cm from which point a relatively lower zone of 

enrichment between 29-41 cm culminates in a small peak in Mn at 3 5-3 6 cm (0.18 wt %). 

The weak correlation of Mn with Al (r2 = 0.12; Figure 6.2) also indicates that the 

distribution of Mn within the core is not primarily related to a gain-size or concentration effect 

resulting from changes in sediment composition. Below this zone of enrichment Mn values are 

maintained at relatively low values (Figure 6.1). The small peak indicating enrichment at a depth 

of 59-60 cm (0-19 wt %) is co-incident with a small peak in Fe (9.1 wt %). This may be due to 

enrichment of reduced species of Fe and Mn but may in part be an artifact of sediment grinding 

performed on the coarser material present at this depth and not due to specific diagenetic 

processes. 

6.3.3: Sulphur distribution 

Sulphur distribution is fairly uniform throughout the Loch Scridain core ranging from 0.22 - 
0.40 wt % over the entire up-core profile (Figure 6.1). S is relatively enriched within the upper 

decimetre. Similar surface enrichment has been noted in the marshes of the Scheldt estuary 

(Zwolsman et al., 1993) and the marshes in Southampton water (Lewis, 1997). In these studies 

surficial enrichment of S was attributed to deposition and subsequent loss via oxidation of 

sulphide-rich suspended matter from upper estuarine locations or sulphide minerals derived from 
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Loch Scridain. 
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erosion of anoxic sediments within fronting mudflats or the marsh edge. These two processes are 
likely to be the mechanisms responsible for the enriched levels of S at this site. Additionally, the 

marsh at the head of Loch Scridain is exhibiting signs of current active erosion particularly 

around the seaward edge and the littoral edges of marsh creeks (discussed more fully in Chapter 

Seven). 
Below 10 cm, depth a peak in S at 14-15 cm. representing enrichment of this element at 

values close to those within surficial depths coincides with the broader increase in Mn and an 
increase in LOI (Figure 6.1). Minor increases in S abundance do coincide with small peaks in 

loss on ignition at 33-34 cm. and 42-43cm. Throughout the core profile depths of S enrichment 
do seem to be accompanied to some degree with iron enrichment in the uppermost 45 cin 
derived from the Fe and Fe/Al profiles. This may be sufficient evidence to suggest that within 

the core sequence some degree of iron sulphide mineralization may be responsible for the 

enriched layers. LOI values are generally below 10 wt % for the surface - 45 cin depth section. 

Elevated levels of S coincident with peaks in LOI may also result from the presence of organic 

sulphur compounds particularly within the root-rich layers in the upper half of this core. 

Dissolved sulphur species are known to react with organic sedimentary material and this can 

lead to enrichment of S within humic acid complexes present within inter-tidal marine 

environments (Ferdelman et al., 1984). The correlation of S with LOI (r2 = 0.48; Figure 6.2) 

may also indicate that organic-sulphide complexation has taken place within the core sequence. 

S distribution would therefore appear to be largely controlled by the distribution of organic 

matter. Generally the content of S in the lower sections of the core is less than that apparent in 

the surficial layers. Comparison with the core log and photograph indicate that the lower section 

of this core is lighter in colour and therefore is not consistent with intensely reduced/anoxic 

conditions recorded in some more clay-rich sediments (e. g. Cundy and Croudace, 1995; 

Thompson et al., 2002). 

6.3.4: Trace elemental indicators of redox conditions 

The cycling of Fe and Mn oxyhydroxides tends to dominate the dissolution and 

precipitation post-depositional reactions that occur within salt marsh sediments. However many 

other elements are also known to be redox-sensitive including many trace metals and members 

of the halogen group of elements including I, and S. The Fe, Mn and S geochernistry shown in 
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Figure 6.1 does not adequately highlight the formation of a solid-phase redox-boundary with an 

oxic-post oxic boundary and a post-oxic-anoxic lower zonation. The S down-core profile is not 

conclusive as this suggests surface enrichment with no definitive indication of enriched anoxic 

conditions where sulphide mineralisation is likely to have occurred. The use of other redox- 

sensitive elements can be useful to fully identify early diagenetic zonation. Members of the 
halogen group of elements are useful in this respect as the ratio plots of S/CI and I/Br indicate 

(Figure 6.3). 

Sulphur can be seen to be enriched within the proposed anoxic conditions in the lower 

section of the core below 40 cm depth when expressed relative to Cl. Precipitation of iodine as 
iodate has occurred at the base of the post-oxic zone corresponding to the peak resulting from 

the precipitation of ferric Fe (and to a lesser extent Mn, Figure 6.3) at the depth interval 34-36 

cm (Figure 6.1). Arsenic and vanadium are also known to be redox sensitive elements. The small 

peak in As at the same depth as 10'- precipitation lends further support to the identification of 

the oxidation/reduction boundary inferred in Figure 6.1 at 41 cm depth. In oxidizing conditions 

the stable form of vanadium is the cation vanadate (Morford and Emerson, 1999). This is 

reduced in the absence Of 02 where vanadyl becomes the more prominent thermodynamically 

stable cation. This differential valancy state would seem to be evident within the Loch Scridain 

core with enrichment of V as V(IV)02+ in the basal anoxic conditions of the core with smaller 

multiple peaks of H2VO4" present between 10-16 cm depth indicative of oxic/post-oxic 

conditions (Figure 6-3). 

6.3.5: Ferric Fe association with As and P 

Several studies have demonstrated the association between As and P and the 

sedimentary recycling of Fe across oxic/post oxic boundaries in a variety of environmental 

settings e. g. continental shelves (Thompson et al., 1995), estuaries (Maher, 1995) and freshwater 

lakes (Carignan and Fleet, 1981; Farmer and Lovell, 1986; Belzile and Tessier, 1990). 

Horizontal correlation of Fe with As and P and linear regression plots of these elements indicates 

that their distribution is only partly controlled by the distribution of ferric iron precipitation 

inferred from the surface layers down through the core to a depth of 34-37 cm (Figure 6.4). This 

may well result from only a fraction of the Fe being available to early diagenetic reactions. Some 

of the Fe will be present as detrital magnetite (A. B. Cundy pers. comm. ). 
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6.4: Redox zonation and early diagenesis in the Loch Don marsh core. 

6.4.1: Iron distribution 

Fe distribution in the down-core profile from Loch Don indicates slight enrichment at a 

depth of 3-4 cm (9.6 wt %) below surficial, layers where Fe content is slightly lower at 8.5 wt % 

(Figure 6.5). This slightly enriched peak overlies a sub-surface section of the sediment profile 

where slight reduction in Fe content occurs down to 10 cm depth. Below this depth increment a 

distinct zone of enrichment between 10-16 cm. depth culminates in a peak situated at 12-13 cm 

depth. Fe content then returns to lower values averaging 9.3 wt % down to a depth of 27-28 cm 

where a significant peak in Fe (12.3 wt %) is present. This lower peak overlies the basal section 

of the core below 30 cm, depth characterized by the lowest values for Fe recorded at a value of 

6.0 wt %. 

6.4.2: Mn distribution 

The Mn depth profile exhibits enrichment (0.3 wt %) at the surface of the marsh which 

declines down to a value of 0.1 wt % at 9-10 cm depth (Figure 6.5). Values increase slightly 

down to a depth of 15-16 cm and below this the profile exhibits a marked increase over the depth 

increment from 16 to 30 cm with a significant peak evident at a depth of 24-25 cm ( 0.32wt % ). 

Below this depth values are much reduced to the base of the core averaging 0.11 wt %. 

The Fe and Mn profiles of the Loch Don core clearly show early diagenefic 

remobilization of Fe and Mn ions most likely derived from oxyhydroxide coatings and possibly 

other mineral phases within the sediment column. Clearly defined peaks are indicative of 

dissolved Fe and Mn being precipitated in oxidizing conditions. This indicates that the base of 

the oxic zone is likely to be situated at - 31 cm. Below this depth both Fe and Mn levels within 

mineral coatings have been reduced by dissolution beneath the redox boundary. Fe and Mn show 

a weak correlation with Al and Rb within this core (Fe vs. Al r2 = 0.42; Figure 6.6), (Mn vs. Al 

r2=0.12; F), (Fe vs Rb r2 = 0.3 9; Mn vs. Rb r2 = 0.44; data not shown). These values indicate 

that both Fe and Mn distribution are controlled to a greater extent by redox processes rather than 

changes in sediment composition. 
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Chapter Six 

6.4.3: Sulphur 

Sulphur distribution within the Loch Don core (Figure 6.5) indicates higher surface 

values in the upper few centimetres with values of up to 5.25 wt %. This surface enrichment is 

more pronounced than that within the Loch Scridain core (Figure 6.1). However, similar 

mechanisms influencing sulphide-rich suspended sediment and the association with organic 

material following erosion from the seaward marsh edge are likely. Fluvial input to the upper 

estuary site is limited (Figure 4.11) and will play a less significant role in the transport of 

weathered material to this area of the marsh. Below 4 cin values decline down-core steadily to 

reach values less than 0.8 wt % in the lowest depths sampled. A small peak is apparent at 12-13 

cm depth which coincides with the upper peak identified within the Fe profile. These two peaks 
broadly correspond to an increase in organic carbon content visible at 16 cm. depth indicating 

that there may be some formation of organic sulphur compounds and coincidently localised Fe 

sulphide mineralization in the upper oxic zone (Figure 6.5). However, the correlation between Fe 

and S (r 2=0.1; Figure 6.6) indicates a very weak association of these two elements and would 

suggest that minimal development of Fe-sulphide mineralization has occurred. Similarly, the 

weak correlation between S and organic carbon (r2 = 0.23) indicates low levels of organic 

sulphur compounds present despite the increased organic carbon content of the marsh which are 

elevated in comparison to the core from Loch Scridain. 

6.4.4: Trace element indicators of redox conditions 

Solid-phase trace element ratios plots provide additional information regarding the 

position of redox boundaries within the marsh core from Loch Don (Figure 6.7). Sulphur 

(normalised to CI to remove the effect of changes in sea-water derived sulphate, Spencer et al., 

2003) shows a clear enrichment commencing at 20 cin depth. This increases down to a depth of 

28 cin below which values are maintained resulting in significant enrichment of S below 31 cm. 

The I/Br ratio also shows significant depletion below 31 cm depth with enrichment immediately 

above this depth increment at 28 cm. This corresponds to precipitation of iodate immediately 

above the redox-cline. The As/Rb profile shows fluctuating enrichment below 31 cm depth 

likely to result from the reduction of As and the formation of the more stable arsenite (As (III)) 

in anoxic conditions. Above the 31 cin depth increment enrichment of As is evident where the 
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dominant ion is likely to be arsenate (AsO 3 4- ) (Caetano and Vale, 2002). A similar profile can be 

seen for V normalised to Rb with enrichment of V as vanadyl (V(IV)02+) below 31 cm depth 

and fluctuating peaks of vanadate (H2VO4-) indicative of V enrichment (Morford and Emerson, 

1999). In oxic conditions vanadate is known to adsorb to both Fe and Mn oxyhydroxides 

(Wehrli and Stumm, 1989). In the Loch Don marsh core the peak in V at 22 cm depth is slightly 
higher in the core than the main peak in Mn (Figure 6.7) and the V peak between 9-10 cm 

corresponds to a significant depletion of Mn. A similarly poor horizontal correlation exists for 

Fe indicating the overall reduced influence of V adsorption onto Fe and Mn oxyhydroxides in 

the oxic layer of this core. 

Data for Mo has been obtained owing to the enhanced capability of the Philips Magix 

Pro x-r-f system on which these samples were run. Mo below the 31 cm depth increment in the 

reduced form of Mo(IV) indicates relative depletion despite the corresponding enrichment of S 

and authlgenic sulphide mineralization within the basal sediments which is known to enhance 

authIgenic enrichment of Mo (Helz et al., 1996). In the overlying inferred oxic zone significant 

enrichment of Mo has occurred as M002-4. Mo (VI) is known to become concentrated within 
Mn02 - rich sediments (Bertine and Turekian, 1973; Crusius et al., 1996). Comparison with the 

MnO depth profile (Figure 6.5) indicates that significant adsorption to Mn oxyhydroxides is 

unlikely to account for the enrichment in the post-oxic and oxic surface sediments. No peak 

occurs over the same depth interval which corresponds to the large peak in Mn between 16 and 

30 cm. The inferred position of the redox-cline delineating oxidised and reduced conditions is 

shown in Figure 6.7. 

6.4.5: Trace elements association with oxide phases: ferric Fe, As and P 

Horizontal correlation of the depth profiles of Fe with As indicates a weak association 

between these two elements (Figure 6.8) and this is confirmed by the linear regression which 

records a weak positive correlation coefficient (r2 = 0.38; Figure 6.8). From this it possible to 

deduce that arsenic has not become coupled to the sedimentary recycling of Fe across oxic/post- 

oxic boundaries as identified in some other studies (e. g. Farmer and Lovell, 1986; Belzile and 
Tessier, 1990; Thompson et al., 1996). The profiles of Fe and P show considerably less 

correlation supported by the linear regression with an r2 value of 0.02. Coupling between the 

recycling of Fe and P occurs as a result of the complexation of dissolved P in saltmarsh 
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sediments with the positively charged surfaces of Fe oxyhydroxides. Fe oxyhydroxides 

precipitating in the oxic zone readsorb dissolved P as they migrate upwards from the post-oxic 

zone which accounts for the often similar distribution profiles of these elements. This process is 

therefore inferred to not be actively taking place in the accumulated Loch Don marsh sediments. 

6.5: Redoc zonation and early diagenesis in the Loch Creran marsh core. 

6.5.1: Iron distribution 

Fe distribution in the marsh core depth/profile from Loch Creran shows enrichment in 

the surficial sediments with a value of 12.7 wt % recorded at the marsh surface (Figure 6.9). 

Values then decrease to 5.7 wt % at a depth of 16 cm. Beneath this upper section of the core a 

zone of iron enrichment occurs between 16-28 cm depth with a significant peak situated at 21-22 

cm (14.5 wt %). Fe content diminishes rapidly beneaththis peak to values of between 5.4 - 5.8 

wt % recorded over the depth interval of 32-36 cm. Below this a lower zone of enrichment 
between 36 - 45 cm culminates in a second peak in iron content at 42-43 cin depth (9.2 wt %). 

Lowest Fe content is then recorded in the sediments at the base of the core with values averaging 
4.0 wt % over the deepest 5 cm (Figure 6.9). 

6.5.2: Mn distributuion 

Most noticeable in the distribution of Mn in the Loch Creran is the absence of a large 

peak which corresponds to the peak at 22 cm depth in the profile for Fe. The uppermost section 
is enriched in Mn with recorded values of 0.5 wt % at the marsh surface (Figure 6.9). Values 

then diminish down to a depth of 16 cm at which point a slight zone of enrichment is evident 

with a peak situated at 21-22 cm (0.13 wt %). This small increase in Mn content is coincident 

with the peak identified in the Fe profile. Below this Mn levels are relatively reduced to a depth 

of 36 cm at which point a lower zone of Mn enrichment occurs with a distinct peak situated at 

41-42 cm depth (0.7 wt %). Fe shows a weak correlation with Al (r2 = 0.18; Figure 6,10) further 

indicating that its distribution within the Loch Creran core is primarily controlled by redox 
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Chapter Six 

processes rather than changes in core sedimcntology. Tbc Fe and Mn profiles clearly show 

evidence for redox controlled diagenetic remobilization with both Fe and Mn being precipitated 
in the core within oxidizing conditions (Figure 6.9). Below this depth both Fe and Mn levels 

within mineral coatings have been reduced by dissolution beneath the redox boundary. 

6.5.3: Sulphur distribution 

Sulphur distribution is similar to that recorded in the Loch Don core with enrichment of 

this element within the surface sediments (4.2 - 5.9 wt %; Figure 6.9). The recorded surface 

enrichment is likely to result from the deposition of sulphide-rich minerals deposited upon the 

marsh surface. This would be consistent with material being derived from the active erosion 

visible at the seaward edge of the marsh and fronting mud/sandflat environment. The sub-surface 

decline in S content broadly coincides with a gradual reduction in organic carbon from 6.1 - 3.9 

wt % over the depth interval extending from the-marsh surface down to 16 cm, although small 

fluctuations are not mirrored in the S profile (Figure 6.9). 

The correlation coefficient between S and LOI over this depth interval (r2 = 0.37) 

indicates that some formation of organic sulphur compounds is likely to have taken place within 

this upper section of the core (Figure 6.10). A much stronger correlation (ý = 0.65) between Fe 

and S indicates the greater presence of Fe-sulphide mineralization over the same upper depth 

interval. Below the 16 cm depth increment levels of S are relatively enriched over the section of 

the sediment prism extending down-core to 46 cm at which point S content is significantly 

reduced to levels averaging 0.77 wt % over the basal 12 cm. This corresponds quite markedly 

with the lower LOI profile and the correlation coefficient (? = 0.57) indicates the presence of 

organic sulphide compounds within the deeper section of the marsh soil (Figure 6.10). Over this 

depth interval the correlation with Fe is much reduced 0.05) suggesting much lower levels 

of Fe-sulphide mineralization at these depths. Therefore, the existence of a definitive sulphidic 

zone is somewhat questionable. 
Comparison with the core stratigraphy (Figure 6.5 and see chapter four Figure 4.32) 

indicates that the elevated levels of S are contained within the marsh peat that also shows 

elevated levels of organic carbon. Additionally, the Fe and Mn profiles also indicate that the 
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Chapter Six 

oxidation reduction boundary is situated at the base of the peat soil immediately above the 

transition into more coarse sediments containing relatively more sand and fine to medium gravel. 

6.5.5: Trace element indicators of redox conditions 

Trace element ratio profiles (Figure 6.11) show an obvious diagenetic signature which 

re-enforces the inferred position of the redox-cline derived from the position of peaks in Fe and 
Mn shown in Figure 6.30. Inspection of the S/Cl ratio plot indicates significant enrichment of S 

below 48 cm depth. This corresponds to distinct peaks in I/Br, As/Al, V/Al and Mo/Al 

immediately above this depth between 40 and 48 cm. It is therefore possible to accurately 
identify the true position of the redox-cline within this core (Figure 6.11). Additionally smaller 

peaks showing enrichment in these various ratio plots between 20 and 24 cm correspond well 

with similar peaks in Fe and Mn (Figure 6.32). These upper peaks are also due to diagenetic 

chemical processes and mark the position of the oxic/post-oxic boundary within these sediments 
(Figure 6.11). It is therefore possible to identify a well-defined redox-zonation in the marsh core 
from Loch Creran which in tandem with the 2'OPb derived sediment ages reflects the maturity of 

the marsh core from this site. 

6.5.6: Association of ferric Fe with As and P 

The horizontal correlation between Fe, As and P for the Loch Creran marsh core reveals 

that the lower peak in Fe at 40-41 cm does correspond to increased concentration of As and the 

onset of an increase in the concentration of P at the base of the post-oxic zone above 48 cm 

(Figure 6.12). Declining concentrations of As correlate with declining ferric Fe abundance up 

through the post-oxic zone. This section of the core corresponds to a depth interval between 29- 

38 cm over which depth increment concentrations of P are seen to increase. In the upper oxic 

sediments the large peak in Fe indicative of Fe precipitation above the boundary with the post- 

oxic zone does not correspond to similar increases in either As or P concentration. The upper 

oxic zone is characterised by increasing concentrations of all three elements (Figure 6.12) . 
Linear correlation plots reveal that As (r 2=0.58) and P (r2=0.45) are coupled to the cycling of Fe 

to a different extent to that recorded in both the cores from Mull (Figure 6.12). 
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Chapter Six 

Diagenetically influenced adsorption of As (as Arsenate) by ferric Fe has occurred at a 
depth within the core which corresponds to the oxidation-reduction boundary situated at 48 cin. 
Adsorption of both As and P to Fe oxyhydroxides within the upper oxic sediments is likely to 

account for the enhanced association between these element profiles in the upper 20 cin of the 

core. 

6.6: Redox zonation and early diagenesis in the Loch Etive marsh core. ft 

6.6.1: lron distribution 

Fe is enriched within the upper 13 cm of the Loch Etive core with a recorded value of 
5.1 wt % at the marsh surface (Figure 6.13). This value is less than that recorded in the upper 
layers of the other cores investigated in this study. Areas of frontal marsh at this site are actively 

eroding (discussed in more detail in Chapter Eight) which suggests that Fe supply to the mature 

marsh surface is predominately derived from older inter-tidal sediment also of lower iron 

content. Fe concentrations decline from the surface to values of 3.2 wt % at a depth of 13 cm. 
These values are maintained averaging 3.7 wt % over the depth interval extending from 13 - 29 

cm. Below this depth comparison with the core stratigraphy (Figure 6.13) indicates the presence 

of the dark/brown-black organic enriched sub-unit extending down-core to 41 cm depth. Within 

this sub-unit measured Fe levels are reduced with the lowest value of 2.4 wt % recorded at a 
depth of 32-33 crrL This may be due to the dilution effect resulting from increased organic 

content apparent at the same depth. 

Immediately below this stratigraphic boundary Fe levels return to higher values and a 
distinct lower peak is evident at a depth of 42-43 cm (4.3 wt %). More subtle fluctuations in the 

Fe content can be seen in the Fe profile normalized to Al. Ilis enhances lower the peak and also 
highlights more discrete zones of Fe enrichment situated at depths of 16-17 cm and 28-29 cm 
(Figure 6.13). 
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Chapter Six 

6.6.2 Mn distribution 

Mn in tandem with Fe in the core from Loch Etive shows surface enrichment with a 

value of 0.14 wt % (Figure 6.13). This represents the highest Mn level recorded in the entire core 

and is likely to result from the maintenance of surficial concentrations derived from the 
deposition of Mn-rich minerals and/or precipitation of Mn 2+ producing authegenic Mn 

oxyhydroxides in the upper oxic environment. Below the surface layers Mn levels decline 

rapidly to values <0.06 wt % which extend to a depth of 29 cm. Between 29 cm and 41 cm depth 

Mn is also significantly depleted within the organic-rich dark/brown-black peat soil sub-unit of 
this core (Figure 6.13). The Mn/Al plots highlight the presence of minor peaks in Mn content in 

other sections of the core which are coincident with increased levels of Fe at 16-17 cm and 42- 

43 cm (Figure 6.13). The weak correlation of Fe with Al (r2 = 0.12) suggests that Fe distribution 

is controlled by redox processes as opposed to changes in core sedimentology (Figure 6.14). The 

Fe and Mn profiles for this core however do not indicate the expected redox zonation described 

in Chapter Two, section 2.4.3). Certainly, within the deeper sediments below 45 cm depth Fe 

and Mn levels have been reduced by dissolution of the mineral coatings resulting in depletion of 

these redox. sensitive elements. There does appear to be precipitation of Fe and Mn above this 

depleted lower section and hence a redox boundary may well exist at this depth. Accurate 

determination of the redox status of this core is complicated by the existence of the dark/brown- 

black silty sand unit (Figure 6.13). Above this more discrete peaks in Fe and Mn are evident 

which may indicate post-oxic/oxic boundaries in the central section of the sediment prism. 

6.6.3: Sulphur distribution 

The depth profile of S in this core indicates relative depletion of this element within at 

the marsh surface below which levels are slightly enriched down to a depth of 13 cm (Figure 

6.13; sub-surface value of 0.22 - 0.25 wt %). This zone of slight enrichment coincides with the 

significant increase in organic carbon within the upper decimetre of the core (11.0 wt % at 5-6 

cm depth). Below the upper ten centimetres S levels are depleted in tandem with organic carbon 

content down to 29 cm. The sub-unit of dark/brown-black silty sand described in the preceeding 

sections is significantly enriched in both S and organic carbon (Figure 6.13). The correlation of 

these two elements within this depth/section (rý = 0.66) indicates the strong association and 
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likely presence of significant levels of organic sulphide compounds (Figure 6.14). S shows slight 

enrichment within the basal sediments but this may be an artifact of sub-sampling within the 

generally coarser sediments at this depth. Over the entire core depth a strong correlation of S 

with organic content (via LOI) is evident (r2 = 0.74; Figure 6.14) indicating the greater presence 

of organic sulphur compounds compared to Fe-sulphide mineralization. This is much reduced 

within this sediment sequence as indicated by the weak correlation of Fe with S (r 2=0.06; 

Figure 6.14). 

6.6.4: Trace element indicators of redox conditions 

The cycling of Fe, Mn and Sulphur within the Loch Etive core reveals surficial 

enrichment of these elements in the surface oxic layers with minor peaks occuring in the post 

oxic layers that correspond to chemozones LEt A3 and LEt B1 (Figure 4.39). Fe and Mn are 

significantly depleted within the black silty sand unit (LEt A2) whereas S is seen to be 

significantly enriched over the same depth interval (29-41 cm). Undoubtedly, the more complex 

stratigraphy within the Loch Etive marsh core has influenced the position of peaks in the major 

elements used for assessing redox environments. Redox-sensitive trace element ratio plots can 

also be used to investigate the solid-phase record of element cycling. In the Loch Etive core the 

development of a distinctive redox profile commonly found in mature marsh settings is not 

obvious. In Figure 6.15 the ratio plot of S/CI indicates the dominance of S withi. n the black silty 

sand unit indicative of reduced conditions in this sub unit. The As/Al profile also shows a lower 

peak at the base of this unit which may be due to the formation of metal sulphides with As 

association. The I/Br profile demonstrates that the underlying coarse sand unit is likely to be an 

oxidizing sub-unit owing to the precipitation of iodate resulting in the significant peak in I/Br 

ratio recorded between 41-50 cm depth (Figure 6.15). Iodate precipitation is also deemed to be 

taking place at the top of the medium/fine sand unit overlying the black silty sand with a distinct 

peak in I/Br ratio evident at 24-25 cm. Additionally, the V/Al profile shows a similar peak to 

that of I/Br at 41 cm which if due to oxidizing conditions has resulted in the precipitation of 

Vanadate (V(IV)02). Vanadate precipitation has also occurred at two separate depth intervals 

that closely match the precipitation of Iodate with peaks evident in the V/Al profile at 15 and 35 

cm depth. Minor peaks in the generally increasing As/Al profile in an up-core direction also 
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correlate horizontally with the I/Br and V/Al profiles (Figure 6.15). These features are likely to 

represent the base of the upper oxic layer inferred here to be between 16-18 cm with the base of 

a post-oxic zone situated at a depth of 26-28 cm (Figure 6.15). Clearly the presence of the. black 

silty sand unit between 29-40 cm depth has influenced the oxidation-reduction profile within this 

core and resulted in a sequence that differs from that of other studied marshes (e. g. Cundy and 
Croudace, 1997, Dyer, 2002). The implications of this in terms of radiometric dating and 

remobilization of elements is discussed fully in Chapter Eight. 

6.6.5: Association of ferric Fe, with As and P 

In the marsh core from Loch Etive lower values are recorded for ferric Fe and P 

abundance and As concentration (Figure 6.16). The horizontal correlation of the distribution 

profiles for these elements is less pronounced than in the other three cores from the Argyll 

region. This is likely to be a result of the magnitude of weathered material transported to the 

head of the Loch and importantly the presence in this core of the black silty sand layer 

(discussed above). Both the As and P profiles indicate relative enrichment within this 

lithological sub-unit in comparison to Fe (Figure 6.16). At the very top of the unit at 30cm depth 

a pronounced peak in P does not correspond with an associated peak in Fe. Linear correlation 

over the entire core depth for Fe with As and P yields r2 values of 0.43 and 0.31 respectively 

indicative of a poor association and coupling of Fe cycling with As and P throughout the core 

(Figure 6.16). However, the overlying medium/fine sand which grades into coastal peat is 

representative of the true extent of saltmarsh development within this core. Linear correlation 

over the uppermost 28 cm yields r2 values 0.31 and 0.71 for As and P respectively. This 

indicates that within the extent of marsh sediments that have developed at the head of Loch 

Etive, P is indeed being adsorbed by Fe oxyhydroxides within the upper oxic sediments resulting 

in the distribution of P being intimately coupled to the sedimentary recycling of Fe. The same is 

not the case for dissolved As which does not appear to be linked to diagenetic Fe distribution 

(Figure 6.16). 
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6.8: Summary 

In the marsh cores from Mull and Loch Creran a distinct redoxcline has developed at 
depths that broadly correspond with the visual stratigraphy and the onset of coastal marsh peat 

conditions inferred from the LOI measurements as proxy for organic content. The visual 

recognition of anoxic conditions (i. e. dark-grey/black metal sulphide-rich layers) is less obvious 
in these cores despite the obvious relocation of Fe and Mn oxyhydroxides evident as distinct 

peaks at the base of the post-oxic zone. Inferences regarding the position of the onset of more 

anxoic conditions are supported by the profiles of redox-sensitive trace elements, which help to 
further delineate the geochemical redox profile in these sediments. The development of highly 

anoxic conditions is therefore uncertain. This is based upon the lack of Fe (II) metal sulphide 
formation inferred from the correlation with trace metals in these cores. Nevertheless, the 
development of a redox profile within the sediments of these three cores may be used as 

additional evidence to infer older more mature marsh conditions. Importantly, the upper depth of 

sediments containing the measured radioactivity of the key radionuclides used for dating 

purposes are dominated by oxic conditions. The fact that this is inferred from solid-phase 

geochemical analysis supports the argument that oxic/post-oxic conditions predominate. This is 

most likely to result from marsh flooding periodicity and hence the limited time over the diurnal 

tidal cycle that more reducing conditions occur influencing sediment solid-phase/pore-water 

reations. 
The more complex depositional history recorded in the core from Loch Etive has 

resulted in a lack of the more commonly found marsh geochemical redox zonation (Williams et 

al., 1994). 

In this core the higher concentration of S within the lower sub-unit of dark-black silty sand is 

more likely to be due to pre-existent elevated concentrations of S derived from terrestrial 

sources. In the overlying coastal peat, Fe and Mn do not appear to have developed peaks 
indicative of major levels of element precipitation. 

In cores of this nature, with distinct peat sub-layers an inverted redox zonation is 

sometimes encountered due to post-depositional reactions being driven by organic matter 

decomposition (A. B. Cundy pers comm. ). This would certainly seem to be true for the core 

sequence from the Loch Etive site. 
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In similarity to the cores from Mull and Loch Creran, the true extent of coastal wetland 

sediments in this core (upper 28 cm) are also predominantly oxic and, therefore, the depositional 

record of radionuclides is unlikely to have undergone significant post-depositional relocation as 

a result of diagenetic rcmobilization. At all sites the altitude of the marsh surfaces relative to the 

observed tidal prism results in oxic conditions predominating for large periods of the diurnal 

tidal cycle. This gives an enhanced degree of confidence that the redox signature derived from 

the solid-phase geochemistry is a reliable indicator of early diagenetic conditions within these 

marshes. 
In the following Chapter more detailed analysis of the behaviour of trace elements is 

undertaken, with calculation of trace metal fluxes, the geochemistry of U (at two sites) and the 

application of multivariate statistical techniques which are used to examine the influence of key 

physical and chemical processes on the evolution of the Argyll marshes. 
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Chapter Seven 

7.1: Introduction 

This chapter provides further detail of geochemical processes/reactions that have 
influenced the development of the Argyll marshes. Particular focus is concentrated on the 

geochemistry of trace metals and the processes that govern their overall distribution in the 
four cores studied. The 2'OPb modeled geochronology is further used here to calculate fluxes 

of trace elements (heavy metals) to the marsh surfaces within the dated period of historical 
deposition. Such analysis can be a useful method to establish more discrete environmental 

changes and periods of marsh development that can sometimes be shrouded by the use of 

radiometric dating methods alone (Cundy et al., 2003). Trace metal distributions are further 

considered fi7om the standpoint of establishing levels of marsh contamination and/or 

pollution. This approach provides a mechanism to assess the contamination status of marsh 

systems in western Scotland used in other studies (e. g. Windom et al., 1989; Zwolsman et 

al., 1996; Cundy et al., 1998; Cearreta et al., 2000; Spencer et al., 2001; Lee and Cundy, 

2001; Cundy et al., 2003; Velde et al., 2003). Similar to coastal wetlands on the west coast 

of Ireland (e. g. Gallagher et al., 1996) marsh systems in western Scotland have not received 

significant attention in terms of contamination assessment. This may be due to the common 

general perception that the western Scottish coastline comprises near- pristine coastal 

environments. 
The behaviour of the halide trace elements (I and Br) is considered. These have 

received some attention in the published literature and further to their use as redox indicators 

can also be utilzed to make inferences concerning the influence of marine processes and 

geochemical reactions with trace metal species. 
The geochemistry of uranium is considered at two sites and provides detail of the 

solid-phase record of U in these more clastic inter-tidal systems. The implications of U 

enrichment in terms of marsh evolution are also highlighted. 

Finally, the chapter considers a range of broad-scale processes involved in the 

development of saltmarsh sequences via the implementation of Principle Components 

Analysis of the geochernical data. Inferences concerning documented geochemical 

associations between individual and groups of elements known to be involved in a suite of 

marsh processes are made and consideration of the role of such processes in the evolution of 

the Argyll marshes is undertaken. 
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7.2: Loch Scridain: 

7.2.1: Association of trace metals (As, Pb, Ni, Cr and Zn) with Mn. 

The diagenetic cycling of Mn within the oxic and post oxic zones is more 

pronounced than that of Fe within Loch Scridain marsh core (Figure 7.1). The down-core 

profile of Fe shows enrichment at deeper depths than Mn which corresponds to the oxidation 

reduction boundary (Figure 6.1). Horizontal correlation between the Mn profile and those of 
As and Pb indicates that the distribution of these elements is also controlled to a certain 

extent by the cycling of Mn (Figure 7.1). Minor peaks at depth in the Mn profile correspond 

to peaks indicative of As and Pb enrichment above the boundary with the weak anoxic zone 
in this core. 

In the post oxic zone precipitation of Mn is accompanied by enrichment of As and 

Pb (Figure 7.1). In the oxic upper surficial sediments of the core authigenic production of 

Mn oxyhydroxides corresponds to a markedly enriched zone of As and Pb. However, the 

positive correlation of As and Pb with Mn (r2 values of 0.52 and 0.39 respectively; Figure 

7.1) are indicative. of only partial As and Pb adsorption onto Mn oxyhydroxides. The 

profiles of the trace metals Cr, Ni and Zn are rather decoupled from the profiles of Mn and 

the negative correlation of Cr and Ni and the very weak positive correlation with Zn suggests 

that another mechanism must be responsible for the distribution of these elements. 

7.2.2: Trace element associations with sulphidic phases: (As, Ni, Zn and Pb). 

Metal sulphide formation under reducing conditions has been shown to result in 

enrichment of trace elements including As, Ni, Zn and Pb within sediments containing 

elevated levels of reduced Fe and S. Despite enrichment of S relative to Cl in the lower 

section of the core (Figure 6.3) the development of a strongly reduced zone appears 

uncertain. Comparison of the Fe and S depth/profiles, with those of As, Ni, Zn and Pb reveal 

no corTesponding elevated levels of Pb or Ni (Figure 6.1 & Figure 7.1). Slightly elevated 

levels of Zn are apparent with a minor increase in As concentration at the very base of the 

core. This may well be an artifact resulting from analysis of the coarser sands and gravels 

present at the base of the sediment prism. Cr shows some degree of enrichment in the base 

but the exact association here is not clear. The negative correlation coefficient of the 
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concentration data below 38 cm depth (? = 0.35) suggest very little association of these 

elements and the formation of significant quantities of chromium sulphide (Cr2S3) is 

unlikely. 

7.2.3: Trace element associations with organic material (As, Pb, Cu, Ni, and Zn) 

Trace elements such as As and P are known to be intimately involved with a suite of 
biological processes and are similarly recycled within near-shore marine environments 
(Caetano, and Vale, 2002). The process of organic matter decomposition is also believed to 

exert a significant influence upon the cycling of a range of sedimentary trace metals (Lord 

and Church, 1983, Cacador et al., 1996). The strong binding capacity of organic material for 

metal ions also strongly influences trace metal distributions (Rashid, 1974; Bendell-Young 

and Harvey, 1992; Luther et al., 1992). Rashid (1985) highlights the important role of humic 

substances in controlling trace metal distribution. Their influence tends to be predominant 

within the sedimentary prism owing to the high surface activities (Rashid, 1985). 

Additionally, the reaction between sedimentary organic matter and dissolved sulphide 

species may enhance the manufacture of organic-thiol complexes. These have also been 

shown to be intrinsically involved in the post-burial redistribution of metal species in salt 

marsh environments (Ferdelman et al., 1991). The root mass (rhizosphere) of marsh 

vegetation represents an important source of in-situ organic matter to the microbial 

populations within the sediment sub-surface (Gardener et al., 1988). Decomposition of this 

fraction of marsh sediments also results in the formation of fulvic and humic complexes and 

contributes to the overall sedimentary content of these organic-based acid complexes 
(Pellanbarg and Church, 1979). 

Three dominant mechanisms by which trace metals can become affiliated with sediment 

organic material have been proposed by Rashid (1985) and these are as follows: 

Physical adsorption: via electrostatic attraction between organic complexes and trace 

element cations. 

Cation exchange: whereby the hydrogen ions within the organic molecules are replaced 
by metallic cations. Exchange of metallic ions is greater with increased pH. 
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0 Chelation and complexing reactions: occur through the process of electron transfer 

resulting in the solid bonding of metal species and formation of organo-metallic ring 

complexes. 

The role of humic materials in sequestering trace metals in the solid phase is complex 
but studies have shown that the humic fraction of sedimentary material is often enriched in 

metals (Swanson et al., 1966; Rashid and Leonard 1973). Direct association with organic 

particulate matter and the flocculation of dissolved and colloidal complexes are considered 
to be the principal association mechanisms in the solid phase (Bendell-Young and Harvey, 

1992; Tessier et al., 1996). In the dissolved (poTe-water) phase, association of dissolved 

humic acids is thought to enhance metal dissolution leading to the formation of organo- 

metallic complexes (Rashid and Leonard, 1973). As a general rule levels of metal 

enrichment have been shown to coincide with sections of marsh sediments that are also 

enriched with organic matter (Rashid and Leonard, 1973; Rashid, 1985). A number of other 

studies investigating marsh geochernistry have highlighted the strong correlation between 

sediment organic matter and concentrations of As, Cu, Cd, Pb, Ni and Zn (Allen et al., 1990; 

Cagador et al., 1996). 

Data for Cu and Cd are not available for the Loch Scridain core, however, comparison 

with the LOI depth profile with those of Pb and As reveals some degree of coupling (Figure 

7.2). In the upper oxic zone Pb and As show enriched sub-surface concentrations which 

coincide with fluctuating levels of organic matter between 6.3 to 9.5 wt %. In the underlying 

post-oxic sediments levels of As and Pb broadly correlate to increasing abundance of 

organics. 
Correlation of these elements with the LOI data gives r2 values of 0.39 for Pb and 0.55 

for As. Here the degrees of freedom (df = 40) gives a critical value of 0.243 revealing a 

significant association between these metals and organic matter throughout the core. Cr, Ni 

and Zn depth profiles are decoupled from the distribution of organic material in the core 

from Loch Scridain (Figure 7.2) again implying that another mechanism is responsible for 

their distribution within the sediment prism. 

7.2.4: Normalization of geochemical data: problems and issues 

In many studies of marsh geochemistry the procedure of normalization for 

geochernical constituents has been routinely undertaken (see also overview in Chapter 
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11iree). The principal reason for this manipulation of data is to provide a correction factor to 

remove the effects of variation in sediment gain-size and mineralogical effects on natural 
heavy metal concentrations. This provides a geochemical mechanism for estimating 

anthropogenic (excess) heavy metal concentrations above background levels. 

A comprehensive overview of the procedure for normalizing geochemical data from 

estuarine and coastal shelf sediments is provided by Ackermann (1980). Expansion on the 

methodological aspects can be found in Loring (1991) and these are ftuther summarized in 

Rae (1997). In many studies the use of Al as a suitable normalizing constituent of estuarine 

sediments has been employed (e. g. Ackermann, 1980; Din, 1992; Cortesao and Vale, 1995; 

Cundy and Croudace, 1995; Dyer et al., 2002) to name but a few. Rae (1997) highlights the 

fact that there is no one standard technique in operation for normalizing estuarine 

geochernical data. Furthermore, she highlights the routine determination of Rb in X-R-F 

spectrometry analysis and suggests that in combination with the geochernical characteristics 

and behaviour of Rb that this is a more convienient normalizing element. 
In the papers by Loring (1990 and 1991) attention is drawn to the pitfalls of using 

Al in formerly glaciated terrains owing to the presence in estuarine sediments of detrital 

aluminosilicate minerals, in particular the feldspars. This author suggests that the presence of 

such feldspars results in the distinct likelyhood of trace metal concentrations not varying 

directly with sediment grain-size fluctuations (Loring 1990 and 1991). He suggests the use 

of rare earth elements such as lithium as more suitable for normalizing purposes in such 

settings. Loring (1991) also highlights and suggests the use of statistical correlation to 

ascertain the strength of the relationship between potential normalizing elements in particular 

trace metal constituents. A demonstration of the applicability of the use of lithium to 

normalize estuarine sediments derived from the Gulf of St Lawrence is provided by Loring 

(1990). 

With regard to the present study the area of Argyll has been significantly modified 

by successive periods of glacial erosion during the Late Quaternary. The large fjord 

environments that characterize much of the western Scottish coast would formerly have been 

highly erosional terrains with ice transporting large volumes of terrestrial material seaward. 

Much of this eroded sediment will have undergone significant polycyclic re-dispersal and 

deposition as sea-levels rose during the Holocene. This raises the question as to how 

significant is the supply of dissolved aluminosilicate minerals derived from the continued 

sub-areal weathering of igneous rocks and re-distributed material on the concentration of Al 
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in contemporary saltmarshes? This presents certain problems in terms of deciding upon the 

most suitable normalizing element for the geochemical data obtained in this study. 

In order to address this issue as comprehensively as possible and within the confines 

of the data, statistical correlation of various trace metal concentrations and potential 

normalizers such as Al and Rb have been undertaken (Table 7.1). Unfortunately, 

determination of Li as proposed by Loring (1991) is not possible using x-r-f spectrometry 

and owing to the financial constraints of the project determination of Li has not been 

undertaken. Table 7.1 highlights the problematic issue of selecting a suitable normalizing 

element from the distribution of elements analyzed from the four marsh sites. At Loch 

Scridain, Al would appear to be the better normalizing element for all trace elements 

excepting Zn. At Loch Don Rb is the superior normalizing element for all trace elements 

except Cu. Within the core from Loch Creran Rb correlates relatively poorly in comparison 

to Al which although not yielding high positive correlation values suggests that of the two 

alternatives available in this study Al is possibly more suitable. The head of Loch Etive is 

situated within the Caledonian igneous complex of the south-western Highlands (Figure 

4.35). Here it is surprising to note that the correlation between most trace elements is higher 

for Al apart from Cr and V. In order to address the issue of normalization of trace element 

data for this study the correlation calculations provide a more detailed insight into which of 

these two elements is most suitable from the differing geological settings (Table 7.1). 

Interestingly, some variability is indicated within individual core sequences. The 

normalization of certain trace element data initially follows the indications given by the 

correlation data in Table 7.1. In forthcoming sections it will be shown that other potential 

normalizing elements are also worthy of consideration. Additional insight into background 

element concentrations within the study region is possible via inspection of the British 

Geological Survey (BGS) Regional Geochemical Atlas for the Argyll region (BGS, 1999). 

Contained within this volume are a vast number of data pertaining to a wide range of 

major and trace element concentrations derived from the extensive sampling undertaken. 

This facilitates some estimation of natiiral concentrations of trace metals within the 

surrounding catchments of the four sites derived from the basal geology (Table 7.2). 

However, attention is drawn here to the use such data for determining accurate enrichment of 

trace elements which have been shown to be unsatisfactory for coastal sediments from the 

Virginia shelf (Rule, 1986). Of use for comparative purposes here are the data for trace 

element concentrations for various rock-types derived from the summarized data throughout 

the BGS atlas for the Argyll region. The following sections of this chapter contain data 
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Cllaplcr Eighl 

Loch Scridain Loch Don Loch Creran Loch Etive 
'Frace Metal 

___ 
As < 16 ppm < 10 ppm 

max 40 ppni Inax 10ppin 
generally < 24 ppm generally -- 12 pprn 

Cr 320-360 ppm 320 ppm 160 ppm 160 ppni 

Cu < 88 ppm < 72 ppm < 64 ppm - 96 ppin 

Ni < 144 ppm < 144 ppm 
max - 88 ppin max 132 ppni 

generally < 42 pprn generally 28 ppin 

Pb max = 180-200 ppm < 65 ppm < 70 ppm 
max I 10 ppm 

generally < 70 pprn 

Zn 320-340 ppm 120-200 ppm 240-280 pprn 160-280 ppin 

'Fable 7.2: Background trace metal concentrations (pprn) for the catchirient areas surrounding the Four 

estuary sites in Western Scotland. Loch Scridam & Loch Don, IsIc ofMull and Loch Creran N-, Loch 
Etive, mainland Argyll. Source: BGS Geocheinical Atlas of Argyll. 
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which have been normalized using the correlation data in Table 7.1 as a preliminary guide 
but also include alternative suggestions based upon extended linear correlation of the raw 
data. 

7.2.5: Association of trace elements with the fine sediment fraction. 

As and Pb have been implicated in both redox associated reactions and affiliation 

with the organic fraction of the sediment matrix (Figures 6.4, Figure 7.2). Thus far, the 

analysis of trace metal profiles and geochemical associations with redox sensitive elements 

and organic sediment constituents from the Loch Scridain core has not identified a dominant 

mechanism responsible for the distribution of trace metals. 
Figure 7.3 shows correlation plots of the trace metals (Cr, Ni and Zn) with trace 

elements associated with the fine sediment fraction (e. g. Rb, Ti02, Y and Nb). However due 

care must be taken when using Ti02 for such inferences as this can also be found in 

association with sands as the heavy mineral ilmenite. 

For Ni and Cr the correlation coefficients suggest that these trace metals are indeed 

associated with the fine fraction. This is most likely to result from adsorption of metals onto 

clay particles. The correlation of Zn is however not indicative of this element being adsorbed 

onto clay mineral surfaces (Figure 7.3). The exact mechanism controlling the distribution of 

Zn is unclear being only weakly associated with Mn (r2 = 0.21). Following the procedure 

undertaken by Loring (1991) correlation with Al and Rb was undertaken to assess the 

capability of these elements as potential normalizers for trace metal geochemical data from 

this core (Table 7.1). 

From the correlation data presented in Figure 7.3 it becomes clear that both Ni and 
Cr are strongly correlated with yttrium. The same is also true for both Pb and As (r2 values of 

0.77 and 0.65 respectively). Yttrium is a constituent of rare-earth elements also routinely 

analysed by X-R-F spectrometry. As such Y may represent a suitable element with which to 

normalize trace metal constituents within marsh sediments from the head of Loch Scridain 

which have undergone a complex depositional history as a result of Late Quaternary climatic 

fluctuations. Normalized depth profiles for Pb, As, Cr and Ni are shown in Figure 7.4. This 

results in little change to the overall profiles for Pb and As. For those of Cr and Ni the 

profiles are generally similar apart from the upper section of the core (surface down to 14 

cm) where enrichment of both Cr and Ni is visible. This corresponds to the depth interval 
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Figure 7.3: Correlation plots of Ni, Cr and Zn (ppm) with indicator elements of the fine sediment 
fraction within the Loch Scridain core. (A) Rubidiurn (ppm); (B) Titanium (ppm); (C) Yttrium 
(ppm); (D) Niobiurn (ppm), (see also Figure 6.3). (Critical value at the 95% confidence level = 0.243; 

rj-- 42; df=40). 
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over which enrichment of Zn occurs (Figure 7.1) with corresponding slight increases in Si02 

and K20 element abundance and dry bulk density (Figure 4.7). 

Concentrations of trace metals are quite variable in Comparison to background 

crustal values from the surrounding catchments of the four sites. (Table 7.2). At Loch 

Scridain only As appears to be significantly enriched above background concentrations *th 

Pb, Cr, Ni and Zn all being well below surrounding crustal values. This indicates that the 

marsh at Loch Scridain is not acting as a significant sink for weathered trace metal species. 

7.2.6: Major and Trace element fluxes 

Use of the 2'OPb derived chronology (CRS model, see Chapter Five) permits the 

reconstruction of depositional fluxes of certain trace elements to the marsh surface over time. 

Element fluxes are calculated from the following equation: 

EI flux (z) = EI (coN) x S(R) X P(SED) 

where: El flux (z) = the element flux at depth z (Itg CM-2 Yf 1) 

El (coN) = the element concentration (jig g"') 
S(R) = the 21OPb derived sedimentation rate (cm. yr-1) 

and P(SED) = the sediment dry bulk density (g CM, 3) 

Trace metal distributions have been shown to be not significantly influenced by 

post-depositional redox controlled reactions in the marsh core from Loch Scridain. This 

permits the identification of variations in the depositional history of differing trace metals 

owing to increased confidence that the record of sedimentation has been preserved. Solid- 

phase major detrital element flux profiles are shown in Figure 7.5a. and depth/flux profiles 

for a range of trace metals are shown in Figure 7.5b. These profiles indicate that no one 

particular element displays a distinct depositional history distinct from the other trace metals 

indicative of a single and ubiquitous source of these elements to the marsh surface over time. 

Major element fluxes of Fe, MnO, Ti02 and K reveal relatively unchanging inputs 

throughout much of the period of historical deposition dated with the 21OPb method. Steady- 

state conditions are interrupted in the near-surface sediments above 3 cm. depth where 

maximum values for all elements (mg cm' yf 1) are recorded. This section corresponds to a 
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similar section of the trace metal profiles shown in Figure 7.5b. All calculated trace element 
flux profiles show a significant increases in the flux of individual elements from c. 3 cin 
depth to the marsh surface over a c. 5 year period of marsh development to 1995AD strongly 

suggesting a significant recent increase in elemental concentrations deposited on the marsh 

surface. 

7.2.7: Enrichment of Iodine and Bromine. 

Br and I are both major anionic constituents of seawater (Br = -70ppm; I= - 60ppm; 

Malcolm and Price, 1984). Water flooding marsh surfaces introduces large quantities of both 

these elements to the sediments and the pore waters contained within the sediment 
interstices. It is therefore likely that tidal flooding represents the largest single source of 

these halogens to western Scottish marshes (inferred from field observations of tidal 

flooding). 

Malcolm and Price (1984) identified concentrations of I and Br of up to 721 ppm 

and 801 pprn respectively in surficial sediments taken from the lower anoxic basins within 

Loch Etive. Data recorded from other study sites for further comparison is presented in Table 

2.2. with an overview of the geochernistry of these elements presented in Chapter Two. 

Within fluctuating redox conditions experienced by salt marsh sediments the relationship 

between iodine and organic carbon has the potential to become decoulpled (Malcolm and 

Price, 1984). This is particularly true within the upper oxic sediments where iodine 

concentration can be enhanced in the presence of free oxygen over the tidal cycle. 

Bromine on the other hand is less redox sensitive and tends to behave in a less 

dynamic fashion. The concentraiion of Br has been shown to be intrinsically linked to the 

abundance of organic material with values of 278 ppm recorded in the Panama Basin where 

organic carbon values were a mere 2.5 wt % (Pedeson aind Price, 1980). Edmunds (1996) 

has highlighted the presence of the bromine-rich surface layer of the sea-surface which 

directly results from the enrichment of bromine in marine aerosols relative to chlorine and 

the increased concentration of organic carbon found in the upper ocean surface. As a 

consequence, the regular tidal flooding coupled with the presence of both marine and 

terrestrial organic matter in salt marsh environments can be expected to be highly enriched in 

Br. 
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Depth profiles of I and Br from the Loch Scridain marsh core are presented in Figure 

7.6. These indicate that the upper oxic sediments are highly enriched with I and Br above the 

40 cm depth increment whilst LOI values do not exceed 10 wt %. Average core 

concentrations for I and Br are 236 (ppm) and 84 (ppm) with maximum values for 1 (451 

ppm) occurring at 34-35 cm depth corresponding to the redox controlled precipitation of 

iodate immediately above the redox-cline (Figure 6.3). Maximum concentration of Br (223 

pp, m) occurs within the near-surface sediments at a depth of 7-8 cm. The Br concentration 

profile closely resembles those of Pb and As and correlation plots reveal the strong positive 

association between Bromine and Pb and As (r2 value of 0.94 and 0.86; Figure 7.7). This is a 

likely consequence of the interaction of the bromine-rich surface microlayer with vegetation 

and sediment material over the tidal cycle. Pellenbarg (1984) has shown that this process 

can exert a significant influence upon the deposition of brominated metals. 
I/LOI and Br/LOI range from 22-80 and 5-32 and fall within the lower range of 

values reported for other geographical areas in the available literature listed in Table 2.2. 

These values are remarkably similar to the ratios reported from the Tamar estuary (south- 

west UK) by Upstill-Goddard and Elderfield (1988). Consequently these I/LOI and BrALOI 

ratios are lower than those reported for surficial sediments from Loch Etive by Malcolm and 

Price (1984). 

Correlation plots of I vs. LOI and Br vs. LOI reveal r2 values of 0.67 and 0.47 

respectively taken over the entire depth of the core (Figure 7.6). The concentrations of 

organic matter, I and Br below the inferred weak redox boundary of this core are all much 

reduced by comparison to the oxic sediments. Also shown in Figure 7.6 is the depth profile 

for ferric Fe and the correlation plot for Fe vs I. Ullman and Aller (1980) have suggested 

that an important sink for I exists at the sediment water interface and that this may be due to 

association of I with Mn oxides in the sediment surface. Correlation of the Loch Scridain 

data reveal a positive association of Mn with I distribution in this core (r2 = 0.57) suggesting 

I is being scavenged to some extent by Mn oxyhydroxides (Figure 7.6). Similarly, the 

correlation of I with Fe (r2 = 0.50) suggests that a comparable mechanism is responsible for 

the association with ferric oxyhydroxides evident in this core. 
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Figure 7.7: Graphical correlation plots to show the association of Bromine with the 
trace metals Pb and As in the marsh core from Loch Scridain. 
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7.3: Loch Don 

7.3.1: Manganese association with trace metals 

Fe and Mn profiles indicate that diagenetic recycling of these redox-sensitive 

elements has taken place within the marsh sediments from Loch Don. Manganese oxides 

have considerable capacity to act as substrates permitting adsorption of many divalent trace 

metals into the Mn-oxide lattice (Hem, 1978; Lewis, 1997). Concentration profiles of trace 

metals in natural waters have the potential to be significantly influenced by sorption 

processes onto Mn oxyhydroxide surfaces (Shaw et al., 1990). 

Horizontal correlation of Mn with trace metals reveals that despite a strong degree of 

similarity with regard to trace metal concentrations the profiles these elements are unlikely to 

be influenced by adsorption to Mn oxyhydroxide surfaces (Figure 7.8). Linear correlation 

reveals low values for Pb and As (r2= 0.30 and 0.39 respectively). Similar to the association 

with Fe, As distribution does not appear to be controlled by early diagenetic redox-sensitive 

species and the distribution of Pb does not appear to be significantly altered via adsorption 

processes onto Mn oxyhydroxides. Linear regression of Mn with the remaining trace metals 

Cr, Cu, Ni and Zn reveals lower correlation coefficients with r2 values of 0.05,0.23,0.39 and 

0.37 respectively (Figure 7.8). This suggests that in comparison to the core from Loch 

Scridain, trace metal distributions are not being significantly modified by early diagenetic 

reactions in the Loch Don Core depite the obvious diagenetic signature of both Fe and Mn 

oxyhydrides within the oxic/post oxic zones. 

7.3.2: Trace metal association with sulphidic phases. 

In anoxic saltmarsh sediments calculations predict the formation of 

thermodynamically stable forms of trace metal sulphides (Luther et al., 1980). Furthermore, 

the same authors have identified the presence of framboids of mixed zinc and iron sulphide 

minerals as well as revealing the incorporation of nickel into pyrite (Luther at al, 1980, 

Lewis, 1997). The concentration profiles of the trace metals Pb, As, Cr, Cu, Ni and Zn in the 

Loch Don core indicate that slight enrichment of all these elements has occurred within the 

sediments containing elevated levels of reduced sulphur (Figure 7.8). Slight enrichment 

within this section of the core (between 30-40 cm) are likely to result from the known 
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Chapter Seven 

association of trace metals with sulphide minerals via cation scavenging processes (Jean and 
Bancroft, 1986). 

However, the diagenetic peaks within the reduced section of the core are not as 

substantial when compared to studies of reduced sediments from other geographical 
locations (e. g., Huerta-Diaz and Morse, 1992; Morse, 1994; Cundy and Croudace, 1996; 

Thompson et al, 2002). This suggests that the development of fully anoxic conditions has not 

occurred. (discussed in Chapter Eight). 

7.3.3: Trace element associations with organic material 

A detailed overview of the processes that influence the geochemical association of 

trace metals with organic material has been presented in section 7.2.3. Horizontal correlation 

of the loss on ignition depth profile from Loch Don (as a proxy for organic carbon content) 

reveals a strong similarity with the depth profiles for Pb and As (Figure 7.9). This is 

confirmed by the linear regression plots showing r2 values of 0.72 and 0.93 for Pb and As 

respectively. Weaker associations are apparent for the trace metals Cu, Ni and Zn with 

correlation coefficients of 0.53,0.57 and 0.43 respectively. The distribution of Cr within 

these sediments is decoupled from the distribution of organic carbon (r2 = 0.01). The 

distribution of Pb, As, Cu, Ni and Zn would appear to coincide with the development of 

marsh vegetation in the marsh at Loch Don, inferred from the LOI profile (Figure 7.9). It is 

likely that one or all of the processes responsible for trace metal association with 

sedimentary organic material outlined in section 7.2.3 have influenced the down-core 

element distributions. LOI derived values for organic carbon content are lower within these 

western Scottish marshes in comparison to other UK coastal wetlands (e. g. McCaffrey and 

Thompson, 1980; Cundy et al., 1994; Thompson et al., 2002). It is therefore probable that 

metal enrichment may be taking place within the organic-rich silt-clay fractions of the 

sediment where high ion-exchange capacities exist (Williams et al., 1996). 

73.4: Association of trace elements with the fine fraction. 

Previous analyses of trace element behaviour within the core from Loch Don 

indicate that metals are not being significantly scavenged by Mn oxyhyroxides (Figure 7.8) 

although stronger associations with organic material have been demonstrated (Figure 7.9). 
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Chapter Seven 

Correlation plots of trace metal distributions with key indicator elements of the fine 

fraction of marsh sediments (Rb, Ti, Y and Nb) are presented in Figure 7.10. These highlight 

the positive association of trace metal distributions with fine particulate material presumably 
through adsorption onto clay mineral surfaces. The graphical plots also support the data 

presented in Table 7.1, which indicates the suitability of Rb as a normalizing agent for the 

marsh sediments from Loch Don. Normalized depth profiles for trace metals are presented in 

Figure 7.11. These profiles highlight the generally increasing concentrations of Pb, As, Cr, 

Cu Ni and Zn. The peak in Cr, Cu, Ni and Zn apparent at a depth of 10- 11 cm corresponds to 

a slight decline in 21OPbt., 
al activity (Bq g-) at the same depth interval (Figure 5.7) and a 

distinct peak in dry bulk density (Figure 4.18). Slight enrichment of CaO abundance at the 

same depth increment suggests in-wash of marine derived older sediment. In the upper near- 

surface layers Cu, Ni and Zn all show enrichment relative to the lower sections of the core 
beneath 10-11 cm. depth. Cr concentration declines in the near-surface layers possibly as a 

result of association with heavier mineral phases. 
Similar to the core from the Loch Scridain site, trace metal concentrations are all 

below estimated background concentrations with the exception of As which shows slight 

enrichment in the upper 24 cm of the core. This indicates that the marsh sediments in the 

core from Loch Don are also not a significant sink for dissolved or detrital weathered metals. 

7.3.5: Major and Trace element fluxes 

Major element fluxes of Fe, Mn, Ti and K reveal a period of maximum element flux 

between 21-31 cm (Figure 7.12a). For the Fe and Mn profiles these peaks correspond to 

enrichment as a result of diagenetic precipitation of these elements (Figure 6.5). However, K 

and Ti are not redox-sensitive and a lower peak is also visible between 31-37 cm depth. The 

increased flux in K and Ti over this depth increment represents enhanced detrital input at the 

beginning of the last century with the overlying peak indicative of increased fine particulate 

material deposited on the marsh surface over the period 1911-1928 AD. This corresponds to 

an increase in organic matter content (Figure 7.9) and may therefore represent increased 

sediment accumulation in response to vegetative growth. These two periods of enhanced 

major element flux are also recorded in the calculated trace element flux profiles shown in 

Figure 7.12b. Over the depth extending from 4-22 cm (corresponding to a 60 year period 

from 1928-1988 AD) trace metal fluxes reveal a period of reduced quite constant flux. 

Within the uppermost section of the core all trace element fluxes are seen to increase up to 
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the present day (time of sampling) of 1999 AD suggesting a significant recent increase in 

elemental concentrations in the near-surface sediments recently deposited on the marsh 

surface (Figure 7.12b). 

7.3.6: Enrichment of Iodine and Bromine 

Depth profiles of I and Br from the Loch Don marsh core are presented in Figure 

7.13. These indicate that the upper oxic sediments are highly enriched with I and Br above 

the 40 cm depth increment whilst LOI values do not exceed 12 wt %. Maximum recorded 

concentrations for Br are up to 1190 (ppm) in the near surface sediments whilst for I the 

maximum value is 418 (ppm) at 15-16 cm depth. The concentrations of organic matter, I and 
Br below the inferred weak redox boundary of this core at 30-31 cm depth are much reduced 
in comparison to the oxic overlying sediments. Average concentration values for I and Br 

throughout the core are 237 (ppm) and 552 (ppm) respectively and are within the values 

obtained by Malcolm and Price (1984) for surficial sediments within Loch Etive. I/LOI and 

Br/LOI ratios range from between 17 -70 and 17-132 respectively and are somewhat lower 

than reported ratios of these elements to marine carbon described by Malcolm and Price 

(1984) for the Loch Etive sediments. However, these ratio values are broadly comparable to 

those reported in the literature derived from different geographical locations listed in Table 

2.2. 

Correlation plots of I vs. LOI and Br vs. LOI reveal r2 values of 0.39 and 0.47 

respectively taken over the entire depth of the core (Figure 7.13). This latter value 

demonstrates the similar level of Br association with organic material evident in the core 

from western Mull at the head of Loch Scridain. Ullman and Aller (1980) have suggested 

that an important sink for I exists at the sediment water interface and that this may be due to 

association of I with Mn oxides in the sediment surface. Correlation of the Loch Don solid 

phase data For I reveals a weak positive association of Mn with I distribution in this core (? 

= 0.49) suggesting that some I is being scavenged by Mn oxyhydroxides. Similarly, the 

correlation of I with Fe (r2 = 0.58) suggests that a comparable mechanism is responsible for 

the stronger association with Fe203 and that scavenging of I by Fe oxyhydroxides also 

influences the distribution of this halogen (Figure 7.13). The Br concentration profile 

closely resembles those of Pb and As and correlation plots reveal the strong positive 

association between Bromine and Pb and As (ý value of 0.84 and 0.86; Figure 6.23b). 

Similar positive correlations also exist between Br and Cu, Ni and Zn (r2 values of 0.94,0.86 
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and 0.94 respectively). This is a likely consequence of the interaction of the bromine-rich 

surface microlayer with vegetation and sediment material over the tidal cycle. Pellenbarg 

(1984) has shown that this process can exert a significant influence upon the deposition of 
brominated metals (Figure 7.14). Comparison of the ? values suggests that bromination of 

these trace metals is an active process in this marsh as opposed to the more simple 

explanation of association of elements with organic matter (Figures 7.9 & 7.14). 

7.4: Loch Creran 

7.4.1: Association of trace metals (As, Pb, Cr, Cu, Ni and Zn) with Mn 

Horizontal correlation between the depth profile for MnO and trace metal 

distributions reveals that adsorption of Pb and As onto Mn oxyhydroxides partially controls 

the distribution of these elements (Figure 7.15). Linear correlation supports this view with r2 

values of 0.59 and 0.57 f6r Pb and As respectively over the entire core depth. Less similarity 

exists between the profiles of Cr, Cu, Ni and Zn with the profile for MnO indicating that to a 

large extent the distribution of these elements are rather decoupled from that of Mn and are 

therefore being controlled by other mechanisms than diagenetic remobilisation (Figure 7.15). 

7.4.2: Trace metal association with sulphidic phases. 

Similar to the core from Loch Don, the iron and sulphur down-core profiles from 

Loch Creran do not exhibit significant enrichment of these redox-sensitive elements below 

the inferred redox-cline (situated at 48 cm depth) shown in Figures 6.9 & 6.11. This section 

of the core is characterised by significant enrichment of reduced sulphur. Inspection of the 

down-core profiles of the trace metals Pb, As, Cr, Cu, Ni and Zn all show that no significant 

enrichment indicative of strongly reducing conditions has taken place at a corresponding 

depth (Figure 7.15). As such the formation of authigenic metal sulphide minerals and trace 

metal scavenging- by iron sulphides is considered to be rather insignificant in this core at 

depth. Fe does seem to be retained within the post-oxic and oxic layers and therefore low 

levels of reduced iron within the anoxic zone may also partially account for the lack of metal 

sulphide formation. 
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Chapter Seven 

7.4.3: Trace metal associations with organic material (As, Pb, Cr, Cu, Ni, and Zn) 

'Me down-core profiles of trace metals within the Loch Creran marsh core show a 

strong horizontal correlation with the organic carbon distribution derived from loss on 
ignition (Figure 7.16). Profiles for Pb and As are strongly correlated with loss on ignition (ý 

values of 0.71 and 0.70 respectively) indicating that the distribution of these trace elements 
is significantly influenced by the distribution of organic material. Certainly, enrichment of 
Pb and As between the depth interval of 40-48 cm corresponds to gradually increasing 

values for loss on ignition over the same depth interval (Figure 7.16), although in the 

previous section adsorption to MnO oxyhydroxides also points to a diagenetic influence at 

this depth in the core. Unne the core from Loch Don there is greater correlation between 

loss on ignition distribution and the trace metal profiles of Cr, Cu, Ni and Zri (Figure 7.16). 

7.4.4: Association of trace elements with the fine fraction. 

Some adsorption of Pb and As onto Mn oxyhyroxides is indicated within the 

sediments from Loch Creran (Figure 7.15). It is therefore probable that alteration of at least 

part of the distribution profiles of these elements is due to diagenetic chemical reactions 

particularly at the base of the post-oxic zone (Figure 7.15). Other trace metals (Cr, Cu, Ni 

and Zn) do not appear to be influenced by diagenetic processes to the same degree. These 

same trace metals, particularly Pb and As, do appear to be strongly associated with the level 

of organic material present in the marsh sediments (Figure 7.16). 

Correlation of trace metal distributions with key indicator elements of the fine 

fraction (Rb, Ti02, Y and Nb) are shown in Figure 7.17. These graphical plots clearly 

indicate that metal adsorption onto fine particulate material (clay particles) is taking place in 

this core. Furthermore these data also suggest that Yttrium is likely to be a superior 

normalizing agent when compared to the correlation of both Al and Rb shown in Table 7. L 

Trace metal profiles normalized to yttrium. are shown in Figure 7.18. The normalized down- 

core profiles clearly show the effect of early-diagenetic reactions to the lower sections of the 

Pb, As and Cr distributions. Normalized Cu, Ni and Zn profiles all exhibit comparable 

distributions with a strong horizontal similarity throughout. Cr is seen to fluctuate within the 

mid-depths of the core due to the likely association with other heavy minerals (e. g. Ti02, 

Figure 4.28). Importantly, all the normalized trace element profiles indicate significant 
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enrichment in the near-surface layers apart from Cr which may indicate the preferential 
association of this element with other heavy detrital mineral phases (Figure 7.18). 

Despite this relative enrichment in the upper section of the core, the concentration of 
all trace metals are below estimated background values with the exception of As (Table 7.2). 

Similar to the sites on Mull As is enriched throughout the upper half of the core sequence. It 

is therefore clear that the Loch Creran Marsh sediments are also not acting as a significant 

sink for weathered metal species. 

7.4.5: Detrital and trace metal fluxes 

Calculated fluxes of major elements are shown in Figure 7.19a. The flux profiles for 

Fe and Mn show two distinct peaks situated between 20-24 cm and 10-16 cm related to 
diagenetic enrichment (Figure 6.9). K and Ti are not associated with specific redox- 

reactions and the flux profiles of these elements indicate two distinct lower phases of 

enhanced detrital input to the marsh. These are situated between 20-25 cm and 10- 17 cm and 

correspond to two time periods of marsh development from -1910-1924 AD and 1945-1964 

AD. Above these peaks detrital inputs are more constant in contrast to the Fe and Mn 

profiles. In the near-surface layers fluxes of K and Ti increase significantly from 2-3 cm 
depth corresponding to 1995 AD. The major element detrital fluxes are mirrored by all the 

trace metal calculated flux profiles shown in Figure 7.19b. These also highlight the very 

recent increased annual flux of heavy metals being deposited on the marsh surface. 

7.4.6: Enrichment of Iodine and Bromine 

Concentration/depth profiles of I and Br from the Loch Creran marsh core are 

presented in Figure 7.20. These indicate that the upper oxic sediments are highly enriched 

with I and Br above the 40-44 cm. depth increment whilst LOI values do not exceed 7 wt %. 

The maximum recorded concentration for Br occurs in the surface sediments with a value of 

are 1776 pprn in the near surface sediments whilst for I the maximum value is 634 pprn at 

10-11 cm. depth. The concentrations of LOI, I and Br below the inferred weak redox 
boundary of this core at 48 cm. depth are much reduced in comparison to the oxic overlying 

sediments (Figure 7.20). Average concentration values for I and Br throughout the core are 
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328 pprn and 732 pprn respectively and are within the values obtained by Malcolm and Price 

for surficial sediments within Loch Etive. I/LOI and Br/LOI ratios range from between 15 - 
173 and 25-291 respectively and are somewhat lower than reported ratios of these elements 
to marine carbon described by Malcolm and Price (1984) for the Loch Etive sediments. 
However, these ratio values are broadly comparable to those reported in the literature 

derived from different geographical locations listed in Table 2.2. 

Horizontal correlation of the concentration depth profiles for I, Br and organic 

material (via LOI) shows the broad similarity in the distribution of these elements. This is 

confirmed by the linear regression of I vs. LOI and Br vs. LOI yielding r2 values of 0.65 and 
0.68 respectively taken over the entire depth of the core (Figure 7.20). This latter value 
demonstrates the similar level of Br association with organic matter evident in the core from 

western Mull at the head of Loch Scridain. Ullman and Aller (1980) have suggested that an 
important sink for I exists at the sediment water interface and that this may be due to 

association of I with Mn oxides in the sediment surface. Correlation of the Loch Creran solid 

phase data for I reveals a weak positive association of Mn with I distribution in this core (? = 
0.23) suggesting that very little I is being scavenged by Mn oxyhydroxides. The correlation 

of I with Fe (r-2 = 0.47) suggests that a comparable mechanism is responsible for the stronger 

association with Fe203 and that scavenging of I by Fe oxyhydroxides does to some extent 

influences the distribution of this halogen (Figure 7.20). The Br concentration profile 

closely resembles those of Pb, Cu, Ni and Zri and to a lesser degree Cr and As. Graphical 

correlation plots reveal the strong positive association between Br and Pb, Cu, Ni, and Zn (r2 

values of 0.95,0.82,0.84 and 0.82 respectively; Figure 7.21). A weaker positive relationship 

exists between Br and the metals As and Cr (r2 values of 0.62 and 0.52 respectively). These 

associations are likely to result from the interaction of the bromine-rich surface microlayer 

with vegetation and sediment material over the tidal cycle. Comparison of the r2 values 

obtained for correlation of trace metals with LOI and Br suggests that bromination of metals 

is likely to be an active geochernical process in the Loch Creran marsh as opposed to only 

association of these elements with the organic fraction (Figures 7.16 & 7.21). 
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Chapter Seven 

7.5: Loch Etive 

7.5.1: Association of Mn with As, Pb, Cu, Cr and Zn 

The potential for trace metals to become adsorbed onto Mn oxyhydroxide surfaces 

within marsh oxic sediments can seriously influence the down-core distribution of these and 

other associated elements. These processes have been highlighted in some of the preceding 

sections. 
Mn recycling between the surficial sediments and the overlying, largely anoxic, 

water column of the fjord have been investigated by Ovemell, (2002) and Overnell et al. 
(2002). Mixing processes in the upper highly anoxic basin of Loch Etive are controlled by 

the strong density discontinuity that isolates the bottom water here for lengthy periods of the 

year. Renewal events are infrequent and confined largely to summer months when the 

dilution of saline water from the River Etive is much reduced (Edwards and Edelsten, 1977). 

The study by Overnell et al. (2002) has revealed that significantly more Mn is recycled 

within the water column than undergoes burial in the surficial sediments. This suggests that 

detrital oxidized Mn within the water column (particularly in summer months) may represent 

a potential source of solid-phase Mn to the marsh which is then capable of post-depositional 

reactions with metal species. 
Horizontal correlation of trace metal profiles with that of Mn for the entire core 

depth from the Loch Etive marsh sequence reveals a low positive correlation coefficient for 

Pb and As (r2 = 0.29 and 0.25 respectively Figure 7.22). Similar low positive values are 

recorded for Cr and Ni (? = 0.11 and 0.39 respectively). Interestingly in this core the 

distribution of Zn reveals a strong positive correlation (r-2 = 0.71) with Mn. Reducing the 

number of variables to correspond to the true depth of marsh sediments records similarly low 

positive correlation coefficients for Pb, As, Cr and Ni (r2 values of 0.26,0.25,0.04 and 0.06 

respectively). These trace metals are therefore not being significantly adsorbed onto Mn 

oxyhydroxide surfaces and their down-core distribution is largely unaffected by early 

diagenetic recycling of Mn. However, Zn distribution in the Loch Etive sediments does 

appear to be more positively associated with Mn in both the entire core and the upper 28 cm 

(r2 = 0.61), suggesting that Zn distribution is being influenced by Mn oxyhydroxide recyling. 
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7.5.2: Trace metal associations with organic material (As, Pb, Cr, Ni, and Zn) 

In the Loch Etive marsh as with other aspects of the geochernistry of this core 

element associations are complicated by the highly variable stratigraphy (Figure 4.37). Over 

the entire core depth both horizontal and linear correlation indicate weakly positive values 

for Pb and As (r2 = 0.07 and 0.10 respectively; Figure 7.23). Significant enrichment of 

organic material does correspond to the elevated concentrations of Pb and As within the 

black silty sand unit (discussed above). Weak negative relationships exist for the metals Cr, 

Ni and Zn which indicate that over the entire core depth very little complexation between 

these trace metals and organic material has taken place (Figure 7.23). However, the influence 

of the differing stratigraphic units within this core must be taken into account in making such 

assessments. If we therefore consider the uppermost 28 cm as being more representative of 

the true extent of marsh development at this site these relationships are somewhat altered. Pb 

and As distributions are seen to be slightly more strongly associated with the LOI profile 

although organic material only partially explains the distribution of these elements (see 

above). Linear correlation of Cr, Ni and Zn with LOI for the upper 28 cm of the core (Figure 

7.24) indicate that the association between organic matter and these elements is somewhat 

poorer than for the entire core depth (? values of 0.18,0.19 and 0.00 respectively) 

suggesting that other marsh processes must be responsible for the distribution of these trace 

metals. 

7.53: Association of trace elements with the fine fraction. 

Adsorption of trace metals onto Mn oxyhydroxide minerals appears to be limited 

within the Loch Etive marsh core for all metals except Zn. (Figure 7.22). This may be the 

result of competition for adsorption sites by ferric oxides. Within the upper 28 cm of this 

core (i. e. the real extent of marsh development) the concentration profiles of Mn and Zn 

closely resemble one another particularly within the near-surface sediments indicating that 

the distribution of Zn is being infuenced by the diagenetic recycling of Mn. Alternatively this 

association may result as a consequence of the remobilization of dissolved Zn species 

following burial in the near-surface sediments and subsequent degradation of the carrier 

phase (Lewis, 1997). Correlation of trace metal distributions with key indicators of fine 

particulate sedimentary material (e. g. Rb, Ti, Y and Nb) indicate that Cr, Ni and Zn are all 

strongly associated with the fine fmction (Figure 7.25). Adsorption of metal species onto fine 
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Figure 7.25: Correlation plots of Ni, Cr and Zn (ppm) with indicator elements of the fine sediment 
fraction within the Loch Etive marsh core. (A) Rubidiurn (ppm); (B) Titanium (ppm); (C) Yttrium 
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clay particles and incorporated organic material is likely to be the principal mechanism 

governing this association. From the graphical regression plots yttrium. would appear to be a 

superior normalizing agent when compared to the correlation data for Al and Rb shown in 

Table 7.1. Normalized trace metal distributions to yttrium. are shown in Figure 7.26. These 

profiles highlight the differential distribution of elements within the black silty sand which 

shows significant enrichment of Pb and As, not immediately obvious from the cluster 

analysis plots shown in Figure 4.40. Cr and Ni show fluctuating concentration throughout 

this sub-unit whilst Zn is relatively depleted. Pb and As show a steady increase in element 

concentration above 29 cm. Cr, Ni and Zn normalized profiles show fluctuating 

concentrations which clearly show periods of enhanced and reduced metal input (Figure 

7.26). Apart from Cr all normalized metal profiles show significant enrichment of heavy 

metals in the near-surface sediments, which corresponds to an increase in dry bulk density 

over the same depth increment (Figure 4.39). 

Concentrations of all trace metals are much reduced in comparison to background 

crustal values (Table 7.2) indicating that in similarity to the other marsh environments these 

marsh sediments are not acting as, sink for weathered metals. Overall the marshes from 

Argyll investigated in this study do not appear to have experienced any undue contamination 

from elevated trace metal inputs. 

7.5.4: Detrital major and trace element fluxes 

Detrital fluxes of major element oxides (Fe, Mn, Ti and K) for the upper 28cm from 

the Loch Etive marsh core are shown in Figure 7.27a. These profiles are plotted against 

depth and the CRS model 21OPb derived ages for the sediment increments. All element flux 

profiles are characterized by the significant peak indicating the influx of mineralogenic 

material between 14 and 18 cm depth, corresponding to an II year period from -1926-1937 
AD. This does not correspond to the depths at which diagenetic enrichment of Fe and Mn 

oxides occurs in Figure 6.13 and suggests a detrital input to the marsh surface. This is further 

confirmed by the calculated flux profiles for trace metal elements shown in Figure 7.27b. A 

significant increase in elemental fluxes is evident at the same depth/age period further 

indicating enhanced detrital input to the marsh surface. In the upper near-surface sediments 

all profiles of major and trace element fluxes apart from that of Cr indicate an increase in 

detrital input to the marsh surface over the last ten years. 
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7.5.5: Enrichment of Iodine and Bromine 

Concentration/depth profiles of I and Br from the Loch Etive marsh core are 
presented in Figure 7.28. These indicate that the upper oxic sediments above 29 cm depth are 
highly enriched with I and Br with concentrations of both elements increasing toward the 

surface of the marsh. In this section of the core LOI values attain a maximum value of 14 wt 
% at 5 cm depth. The maximum recorded concentration for Br occurs in the surface 

sediments with a value of are 587 ppm whilst for I the maximum value is 583 ppm at 2-3 cm 
depth. Average concentration values for I and Br throughout the entire core are 249 ppm and 
236 ppm respectively and are within the range of values obtained by Malcolm and Price for 

surficial sediments within Loch Etive. I/LOI and BrALOI ratios range from between 8-155 

and 15-132 respectively and are somewhat lower than reported ratios of these elements to 

marine carbon described by Malcolm and Price (1984) for the Loch Etive sediments. 
However, these ratio values are broadly comparable to those reported in the literature 

derived from the different geographical locations listed in Table 2.2. Horizontal correlation 

of the concentration depth profiles for I, Br and organic material (LOI) for the entire core 

suggests a broad similarity in the distribution of these elements with decoupling of these 

profiles in the near surface sediments. This is confirmed by the linear regression correlation 

plots of I vs. LOI and Br vs. LOI yielding a low positive correlation for both elements (r2 

values of 0.07 and 0.29 respectively) taken over the entire core depth (Figure 7.28). 

Correlation of the Loch Etive solid phase data for I reveals a weak positive association of 
Mn with I distribution in this core (? = 0.38) suggesting that very little I is being scavenged 
by Mn oxyhydroxides. The correlation of I with Fe (r2 = 0.45) suggests that a comparable 

mechanism is responsible for the slightly stronger association with Fe and that scavenging of 
I by Fe oxyhydroxides does weakly influence the distribution of this halogen (Figure 7.28). 

However, trace element distributions have been strongly influenced by the more 

varied stratigraphy recorded in the Loch Etive core (Figure 4.37). Visual inspection suggests 

that the uppermost 28 cm are more representative of the true extent of coastal peat 
development in this marsh setting. Recalculation of the linear regression parameters for I and 

Br yield only slightly stronger association between these elements and organic matter (r2 

values of 0.21 and 0.29 respectively). The result for the correlation with MnO is very slightly 

reduced (? = 0.36) at this depth. In this upper section of the core the association with Fe is 

slightly increased supporting the interpretation of the partial role of Fe oxyhydroxides with 

respect to I distribution. 

334 



00 

CL) 
44 i 

eq . . 

08 

oo 

0 CD 

00 

CA 

1 

00 

rD 

eq 

0 C) 

(uio) onjins iqsnm A%olaq tpdo(I 

0 

ON 4n 
Le) ell 

ci 

> IP 

co - en 40 
> 

0 -0 W) 

as 

(D 0 C) ýD 0 C) 0 CD CD C> 000 CD CD en C14 
00 

u 

Ch 

f4 
0- 

en 
cý 

m -0 ;ý 
Q L-- rn a 

L) 

Chapter Seven 

0 

.............. 

0 

:2 

00 t- ýo tn 11, en C-4 
P. -O 

rh 

"C 

CD 
C) 0 

ei 0 

u IC 

335 



Chapter Seven 

The Br concentration profile closely resembles those of Pb, As and Zn and to a 
lesser degree Cr and Ni. Correlation graphical plots reveal the strong positive association 
between Bromine and Pb, As and a somewhat weaker association with Zn (r2 values of 0.89, 

0.79 and 0.38 respectively; Figure 7.29). A weak negative relationship exists between Br and 

the metals Cr and Ni in this core (? values of 0.32 and 0.36 respectively). These correlation 

coefficients indicate that bromination of Cr and Ni is not taking place within the Loch Etive 

sediments (Figure 7.29). Bromination. of Pb, As and Zn is likely to arise from the interaction 

of the bromine-rich surface microlayer with vegetation and sediment material over the tidal 

cycle. Pellenbarg, (1984) has shown that this process can exert a significant influence upon 

the deposition of brominated metals and this is certainly the case for the metals within the 

marsh core from Loch Etive. 

7.6: Uranium geochemistry in the Argyll marshes 

The importance of saltmarsh and mangrove environments as an important coastal sink 
for oceanic dissolved U has been reported by Church et al. (1996). Various mechanisms are 

thought to be responsible for the enrichment of dissolved U within the near-surface 

sediments of saltmarshes (Church et al., 19 8 1). These include some or all of the following: 

9 Re-complexation of dissolved uranium carbonate complexes transported to the marsh 

surface by tidal currents into phosphate/humic forms (Sarin and Church, 1994) 

9 Mixing of these stronger uranium complexes with the dissolved products of chemical 

diagenesis including Fe and humic acids diffusing up through the sedimentary prism 

into the near-surface sediments. 

0 Scavenging of particulate colloids following estuarine flocculation processes over a tidal 

cycle (Eastman and ChurcI4 1984). 

* The resultant concentration and burial of uranium as an iron oxide form (Fe203) or 

humic acid complex. 

The distribution of uranium within the marsh cores from Loch Don and Loch Creran 

has been obtained as a result of the enhanced capability of the Philips MAGIX Pro X-R-F 
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spectrometry system. This supercedes the PW1400 wavelength dispersive system which was 

replaced during the analysis of the Argyll marsh sediment sequences. 
The down-core profile of U concentration in the Loch Don core is shown in Figure 

7.30a. This clearly indicates that U is indeed enriched within the near-surface layers of the 

marsh sediments at this site. Concentration of U declines down to 30-31 cm depth below 

which the enriched layers in the reduced section of this core probably occur a result of 

diffusion of dissolved [U02(CO3)314- from the water column to the sediments following 

release from Fe and Mn oxyhydroxide as they too are reduced in anoxic conditions (Barnes 

and Cochran, 1993). 

Figure 7.30b shows the graphical plots of linear correlation between uranium, major 

element oxides and LOI (as a proxy for organic content). These plots give some insight into 

the behaviour of U within the dominantly mineralogenic sediments of this marsh. The 

strongly negative correlation with CaO (r2 = 0.85) suggests that decoupling of the dissolved 

uranyl complex is likely to have occurred. The strongly positive correlation with P (r2 = 
0.74) and to a lesser extent LOI (r2 = 0.55) indicates that re-complexing of uranium with P 

and hurnic substances has indeed occurred as suggested by Sarin and Church (1994) in their 

study of U within the Delaware and Chesapeake estuaries, USA. Linear correlation with the 

redox-sensitive Fe and Mn oxides reveals low positive values (? =0.29 and 0.27 respectively) 

indicative of little association between these redox-sensitive elements. A strongly positive 

correlation does exist between U and K (as a proxy for fine detrital/flocculated material) 

suggesting that particulate scavenging is the dominant processs resulting in enrichment of U 

within the near-surface sediments (Figure 7.30 a& b). The study by Church et al. (1996) 

highlights that uranium particulate scavenging takes place predominately over the Spring 

tidal cycle (i. e. bi-monthly) and during the summer months when the marsh surface is most 

acidic. Although no pH data have been acquired for the Loch Don marsh surface sediments it 

is likely that acidic conditions were prevalent here owing to the summer period during which 

sampling took place. This would facilitate enhanced scavenging and concentration of U 

resulting in the surface enrichment visible in the concentration depth/profile (Figure 7.30a). 

Scavenging of uranium is suggested by Church et al. (1996) to predominate during Spring 

tides over the marsh surface. Hence, this process is linked to the altitude of the accumulated 

sediments and the depth of tidal inundation relative to the tidal prism. This may, therefore, 

be a geochemical process which is more specific to high (mature) marsh environments and 

may account for the enriched near-surface concentrations visible in the Loch Don core. 
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The down-core distribution of uranium distribution in the Loch Creran marsh core is 

shown in Figure 7.3 1 a) and demonstrates that U concentrations increase steadily up through 

the core profiles towards the surface. In the near-surface layers U is significantly enriched 
(maximum value of 33.6 ppm) relative to the underlying sediments. Graphical plots of linear 

regression correlation between uranium, major element oxides and LOI (as a proxy for 

organic content) are shown in Figure 7.3 1 b. These plots give some insight into the behaviour 

of U within the dominantly mineralogenic sediments of this marsh. The strongly positive 

correlation with CaO (r2 = 0.62) suggests that decoupling of dissolved uranyl complex is 

slower to occur within these sediments. The strongly positive correlation with P (r2 = 0.74) 

and LOI (r2 = 0.65) indicates that complexing of uranium with P and humic substances is 

occurring as suggested by Sarin and Church (1994) in their study of U within the Delaware 

and Chesapeake estuaries, USA. Linear correlation with the redox-sensitive Fe and Mn 

oxides reveals a stronger positive values for Fe (1-2 = 0.5 2) than for Mn (? = 0.16) indicative 

of the predominance of Fe oxyhydroxidcs as receptor sites for U adsorption (Figure 7.3 1 b). 

A strongly positive correlation does not exist between U and K (as a proxy for fine 

detrital/flocculated material) suggesting that particulate scavenging is less significant in 

terms of contributing to the enrichment of U within the near-surface sediments. However, 

correlation with other trace elements associated with the fine sediment fraction (e. g. Nb, Rb, 

V and Y) record positive correlation coefficients (0.60,0.43,0.79 and 0.83 respectively) 

indicating that a strong association with fine particulate material does indeed exist within 

these sediments. 
The study by Church et al. (1996) highlights that uranium particulate scavenging 

takes place predominately over the Spring tidal cycle as previously mentioned (i. e. bi- 

monthly) and during the summer months when the marsh surface is most acidic. Although no 

pH data has been acquired for the Loch Etive marsh surface sediments it is likely that acidic 

conditions were prevalent as this core was extracted during a summer period of exceptionally 

hot weather during 2000. This would facilitate enhanced scavenging and concentration of 

uranium resulting in the surface enrichment visible in the concentration depth/profile (Figure 

7.31a) and can be used to inferý geochernical processes indicative of high marsh 

environments. 
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7.7: Principal Components Analysis of the Argyll marsh sequences 

Principal components analysis (PCA) is one of several multivariate statistical techniques 

which facilitate the simultaneous manipulation of large data sets comprising any number of 

variables. PCA can generally be thought of in terms of an extension of fitting straight lines 

and planes by least-squares regression (Ter Braak, 1995). Essentially the PCA method 

reduces the number of variables of specific data being studied. A large number of variables 

are reduced to a small number of uncorrelated variables rendering enhanced ease of data 

interpretation (Rollinson, 1993). 

PCA works by calculating the maximum amount of spread (variance) around the 

mean of all the data points. The analysis then projects this graphically as a line in p- 
dimensional space, referred to as the first eigenvector. Matrix algebra computation is then 

used to project the original data onto tlýiis first eigenvector and these form the I" principal 

component coordinates. 'Me calculated variance of these coordinates form the first set of 

eigenvalues and represent the spread of the data along the direction of the first eigenvector. 
Further eigenvectors are then calculated and the same matrix algebra produces the relevant 

eigenvalues specific to these additional lines of best fit. Importantly, each eigenvector and its 

associated eigenvalues is graphically projected at right angles to the preceeding eigenvector. 

The 2 nd calculated eigenvalues represent the maximum amount of spread at right angles to 

the l' eigenvalues in this p-dimensional space and so on. This transformation of the data into 

a set of eigenvectors continues in gradually decreasing order of explanation until the total 

variance of the data set is accounted for. 

In ideal situations PCA has an advantage over other ordination methods in that the 

first few principal components may explain a high proportion of the variance. If this is the 

case, then the remaining eigenvalues representing other variables can often be discarded in 

terms of explaining and interpreting the data. Setting a standard percentage value for the 

acceptable levels of explained variance are not straight-forward. Clarke and Warwick (1994) 

have suggested that a PCA graphical plot that accounts for as much as 70-75% of the 

variance described by the I" and 2 nd eigenvalues is likely to provide a good overall 

description and structure of the original data. 

In this study the variables under consideration are major element geochemistry 

oxides and trace elements from the four marsh core sequences. During the development of 

marsh sediments the down-core elemental profiles can be subject to various physical and 

chemical phenomena that may affect the recorded depositional record. Table 7.3 lists these 
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different phenomena and the key elements that are assumed to be indicative of processes and 

conditions within the sediment prism. 
PCA was undertaken on the original data from Loch Scridain using the MMTAB 

statistical software computation package. Correlation of the calculated eigenvalues and the 

individual elements from the original data sets is shown in Table 7.3. This information can 
be used to reveal the extent to which certain differing processes/phenomena have influenced 

the geochemical signature within the marsh core. 

,, ý'' ,ý '' ""ý I Phenomenon Assumed indicator elements 
Coarse grained sedimentary material Si, Zr 

Fine grained sedimentary material Al, K, Nb, Rb, Ti and Y 

Early diagenesis Fe, Mn, P, As, V and S 

Heavy mineral content Zr, Ti, Y, Ce, Th, U and Y 

Pollution/contamination As, Cr, Cu, Ni, Pb and Zn 

Marine derived elements Ca, Mg, Sr, Na, I, Br, Cl and S 

Table 7.3: Assumed indicator elements for various phenomena that influence the down-core profiles 
of saltmarsh sediments. (Note that some cross over between elements can also occur with some being 
indicative of more than one process). Where this is seen to take place more detailed assessment of 
elemental distribution/behaviour may be necessary. (Modified from Dyer, 2001). 

7.7.1: Loch Scridain 

What is immediately obvious from the analysis of the Loch Scridain core are the low 

overall eigenvalues for all elements which only range from + 0.254 to - 0.267 (P205 and Sr 

respectively for the I" principal component; see Appendix 6.1). The low positive values for 

Fe203 and MnO and those for Pb, As and S indicate that diagenetic processes account for a 

proportion of the 54% variance recorded in the I" principal component loadings. The 2nd 

principal component loadings are of similar low overall values. Highest positive values 

suggest that heavy mineral input in part influences the marsh (e. g. Ce and La) with the 

additional influence of coarse material with a marine source suggested by the grouping of 

Si02, CaO and MgO. The 15.3% variance recorded by the PC2 eigenvalues also indicates a 

contribution from Fe oxyhydroxide recycling. 
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These data are illustrated in the graphical plot of PCA 1 and PCA 2 components 

shown in Figure 7.32. Highlighted in this plot are the positions of the various key elements 
discussed above which relate to the variety of marsh depositional processes listed in Table 

7.3. Further analysis of the component loadings for the Yd principal component, reveals that 

heavy mineralogenic material (Ti02 and Zn), along with diagenetic processes (indicated by 

MnO, Fe203 and V) account for a ftuther 12.4 % of the variance in the data. The 

identification of a marsh phenomena/physical process from the 4th principal component 
loadings does not reveal any extra detail with these eigenvalues recording 8.4% of the total 

variance. Al remains positively weighted in all the calculated eigenvalues. This is possibly 
indicative of the constant relative abundance of this element derived from the weathering and 

subsequent input of dissolved aluminium-rich feldspars throughout the period of marsh 
development. The low total difference between positively and negatively weighted 

component loadings in all the eigenvalues suggests that despite the significance of diagenetic 

processes other phenomena also influence the depositional signature in this marsh core. This 

is likely to related to the complicated history of sedimentary material now present in the 

modem marsh system. 

7.7.2: Loch Don 

Calculated eigenvalues for the Loch Don geochemistry data reveal low values 

similar to those in the core from Loch Scridain (Appendix 6.2). Si02, Ti02, Th and Zr are the 

only elements for which positive eigenvalues are recorded indicating that coarse-grained 

sediment and heavy mineral phases account for a proportion of the 60% of variance recorded 
by the the 1" principal component loadings. However the eigenvalues of opposite sign are 

not significantly large and could therefore be interpreted to not vary inversely with other 

phenomena. The diagenetic indicator elements Fe203 and MnO have similar negative values 

as do the component loadings for S and P205, and As. Indicator elements for fine-grained 

sedimentary material (Rb, Y, Nb, K20) also show similar low negative values. Additionally 

those elements used for indicating the influence of marine input to the marsh sediments 
(Na20, M90, I, Br, C1 and S) also suggest that this process contributes in part to the total 

PC1 variance (Appendix 6.2). Inspection of the PC2 component loadings reveals that this 

eigenvector and associated values accounts for a finther 11.7% of the variance in the sample 
data. The result of the PCA is that 71.5% of the variance is explained by the eigenvalues 
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obtained for the first two principle components however it is not really possible to discern 

whether one of the proposed phenomena that influence the sedimentary record within marsh 

environments has been of greater significance than any of the others listed in Table 

Appendix 6.2. 

A graphical plot of the PC1 vs PC2 eigenvalues is presented in Figure 7.33 In the 

diagram the positive loadings include the elements SiO2, Zr, Th and Ba which occur with 
CaO and to a lesser extent Sr suggesting a marine source for the coarser-grained material and 

some heavier mineralogical components. The large number of negative PC 1 eigenvalues are 

also somewhat delineated by the positive and negative values associated with the PC2 

eigenvector. PC2 positive values result in the grouping of the redox sensitive elements S03, 

P205, MnO with fine-grained sediment indicators such as Rb, K20. The presence of MgO, 

Na20, CI and Br suggests a common. association with marine derived particulate matter. 
Similarly, the negative PC2 eigenvalues result in the grouping of other redox-sensitive 

elements (e. g. Fe203 and As) with U, Ce, Ni and Cr representing coarser grained material 

and other heavy minerals. Consequently, it must be assumed that the input of heavy 

minerals, coarse and fine-grained sediment material and marine inputs must all contribute 

through similar weighting to the record of deposition in this marsh core. 

7.7.3: Loch Creran 

Similar to the cores from the Isle of Mull PCA of the geochemistry data from Loch 

Creran reveals low eigenvalues for the four principal components (Appendix 6.3). Despite 

the calculated positive and negative eigenvalues these cannot be said to vary inversely 

thereby permitting the identification of any one particular sedimentary phenomena or process 

responsible for the 68.1% variance derived from the PC1 and PC2 component loadings. The 

graphical plot of PCAI versus PCA2 loadings is presented in Figure 7.34. Positive values 

are recorded for Si02, K20, Ba, Bi, Rb, Sr, Th, Co and Zr suggesting a contributory 

influence from coarse-grained material and heavy minerals but also including fine material 

derived from a marine source. The diagenetic elements, Fe203 and MnO have similar 

negative component loadings as do the elements As, V and Mo. Positive PC2 values are 

recorded for Ti02, Y Sb, Cr and Nb. The inclusion within this group of MgO and CaO 

suggests the influence of fine sedimentary material derived from a marine source also. A 

large group of tightly bunched elements is also present with eigenvalues that exhibit a small 
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Figure 7.33: Principal component loadings plotted as PCI versus PC2 for the marsh core 
geochemistry from Loch Don. 
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overall variance from the PC2 eigenvector. This group includes Pb, Ni, Zn, Cu, Ce and U 

indicative of influence of heavy minerals/metals. The presence of I, Cl, Na20 implies the 

association of these elements from a marine source. Equally weighted in the component 
loadings here are also the redox-sensitive elements S03 and P205 (Figure 7.34). 

PCA therefore suggests that many of the listed phenomena/processes in Table 7.3 act 

together to result in the geochemical record of marsh development at this site. No one 

particular process appears to influence the depositional record to a greater or lesser extent. 

7.7.4: Loch Etive 

As with the other cores investigated in this study, the calculated eigenvalues derived 

from PCA of geochemical data from Loch Etive does not reveal large opposing positive and 

negative values. It is therefore difficult to ascertain any significant inverse variation between 

indicator elements for the different processes listed in Table 7.3. Importantly the collective 

influence of several indicator elements for diagenetic reactions, coarse and fine-grained 

material, heavy minerals and derivation from marine sources account for 74.6% of the 

variance. This result is likely to have been affected by the different stratigraphic units 

evident in this core (Figure 4.37) and the lack of a well-defined redox zonation within the 

upper coastal peat section of the core (Figure 6.14). 

Nevertheless, the graphical plot of PC1 vs PC2 component loadings, presented in 

Figure 7.35 does highlight certain groups of elements associated with different marsh 

processes. For example, S03, K20 and Na2O are clustered together possibly indicative of 

marine derived sulphate and fine particulate matter supplied to the marsh surface. Similarly, 

the redox sensitive elements Fe203, MnO, P205 and As are grouped together along with Pb 

and A1203- CaO and MgO are positioned in close proximity suggesting a common marine 

source for these elements. A larger cluster of eigenvalues is contolled by the 1" principal 

component eigenvector. This group contains both heavy minerals (Zr, Ti02, Ni, V, Ce and 

Cr) and elements indicative of fine sediment input including Rb and Y. The inclusion of Sr 

here suggests a marine source also. 
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Figure 7.35: Principal component loadings plotted as PCI versus PC2 for the marsh core 
geochemistry from Loch Etive. 
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7.8: Summary of Chapter Seven 

Detailed geochernical analysis reveals the differential influence of a variety of marsh 

evolutionary processes within the four marsh cores from Argyll. Trace metal distributions 

are principally controlled by adsorption to the fine (clay) fraction but other processes 

including bromination. of metal species, particularly within the near-surface sediments also 
influence the distribution of these elements. In general metal distributions do not appear to 

be significantly modified by the diagenetic recycling of Fe or Mn oxyhydroxides. Heavy 

metals are also associated to a lesser degree with organic complexation processes. The 

distribution of halides, in particular I and Br reveals that these elements are significantly 

enriched within the marsh surface layers of all cores and that ratios of Br/LOI and I/LOI are 

within the values obtained from other published literature. 

Heavy metal concentrations in all marsh cores do not indicate any significant 

enrichment above background crustal values with the exception of As at three of the sites (on 

Mull & Loch Creran) where concentrations in the upper sections of the cores are slighty 

elevated. These elevated levels are not considered to represent significant or abnormal 

contamination. 
The U distributions from two cores indicates that surface enrichment of this element 

is occurring from sites situated across the Firth of Lome at Loch Don and Loch Creran. This 

geochemical process is inferred to be indicative of U sequestering within high (mature) 

marsh settings. 
Principal components analysis of the four marsh sequences reveals that of the 

inferred marsh development phenomena investigated no one process acts alone to become 

the dominant mechanism influencing the evolution of these highly mineralogenic sediments. 

The following Chapter now discusses the broader findings of this research by pulling 

together the various analytical data to provide an interpretation of the recent evolution of 

coastal wetlands in the Argyll region. The implications for current larger-scale processes that 

influence coastal environments are discussed. 
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8.1: Introduction 

The application of radiometric dating techniques has revealed distinct evolutionary 
differences between the four marsh sites investigated from the Argyll region of western 
Scotland. Rates of marsh sedimentation are seen to vary between the site at Loch Scridain and 

those sites situated on the south-east of Mull and on the mainland at Loch Creran and Loch 

Etive. Geochemical analysis supports the use of the depositional record of key radionuclides for 

dating purposes and is used to assess the reliability of such records for the establishment of 

geochronological models and other geochemical processes, which have influenced the evolution 

of these marshes. Comparison with available storm frequency data is'used to further assess the 

use of the selected study sites in terms of their potential for preserving a record of deposition 

related to coastal forcing. 

The following chapter now discusses the findings from this research within the context 

of regional influences upon the development of coastal wetlands from this part of northern 
Britain. 

8.2: Field site characteristics and the marsh sediments 

Some general observations made at each site during the course of this study support 

some of the ideas put forward by Adam (1978) with regard to the areal extent of marsh 

development and composition of the vegetation communities. Steep mountain topography 

surrounds the heads of Loch Creran and Loch Etive on the mainland. This results in a narrow 

coastal strip where saltmarshes are able to develop (Figures 4.25 & 4.35). At these two sites the 

contemporary marsh exists more as discrete pockets of inter-tidal sediments sheltered from the 

influence of the rivers Creran and Etive respectively by anticedent fluvial bars of material 

ranging from large boulders to coarse sand. These features suggest that channel migration at the 

head of these lochs has been an active process prior to the development of the present extent of 

marsh sediments at these two sites. This process does not appear to have influenced the marsh 

sediments within areas from which cores have been extracted. 

Investigative coring and field observations indicate that the developed marsh sequences 

vary significantly in depth over quite short distances across the marsh surfaces as a function of 

the underlying fluvial substrate. This results in the transition from low. to high (mature) marsh 
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environments also occurring over short lateral distances which are not specifically linked to 

distances from marsh morphological features such as tidal channels and salt pans. Hence, the 

underlying coarse material has exerted a significant influence upon the development of the 

Argyll marsh sediments relative to the iidal frame. 

The upper marsh area at Loch Don on the south-east of Mull (Figures 4.13 & 4.15) is 

more extensive than within the two mainland estuarine settings owing to this site being more 

akin to a lowland estuary lacking the influence of major rivers. Small bymes do discharge 

freshwater into the Loch Don estuary at a number of locations however, the presence of distinct 

underlying fluvial deposits is less significant at this site. The marsh here has developed upon a 

coarse polygenetic substrate consisting of antecedent material derived from Devensian glacial 

erosion which has been subsequently re-worked by marine processes during the Holocene (Gray, 

1974). The depth of marsh sediment is more uniform than that seen at the other three sites as a 

result of the differing geographical setting and underlying morphology of the upper marsh area. 

However, the gradient from the marsh edge to the position of the high water mark (inferred from 

the most recent upper strandline field evidence) can be steep in some places (< 20 metres). 

At Loch Scridain on the west coast of Mull, the inter-tidal saltmarsh occupies a large 

area owing to the wider expanse and more gently sloping nature of the lowland coastal strip than 

that observed at the other sites in this study (Figure 4.4). The marshes here have developed upon 

coarse underlying fluvial substrate. Certainly, air photographic evidence from this site clearly 

shows the development'of small modem deltaic deposits within inner Loch Beg where the River 

Colladoir converges with the inter-tidal environment. Field observations reveal that these are 

quite extensive and have obviously migrated in the past in response to river discharge and 

sediment load delivered to the head of this estuary. Small contemporary alluvial fans are evident 

at the seaward end of the main river and more minor marsh channels. However, this fluvial 

sedimentation does not influence the modem marsh other than providing a potential minor 

source of coarser clastic material. This does not appear to be undergoing significant 

redistribution over successive tidal cycles. The older fluvial deposits form a suitable substrate 

on which pioneer (lower) marsh plant species have become established (Adam, 1978; Langlois 

et al., 2003). 

At all four sites plant communities are dominated by the saltmarsh grass Puccinellia 

maritima which has been shown to exert a pronounced effect upon sediment stabilization, micro- 

topography dynamics and the geomorpho-genesis of coarse sedimentary low inter-tidal 

354 



Chapter Eight 

environments (Langlois et al., 2003). This species has played an important part in the 

development of pioneer and low marsh habitats within the Argyll region. However, other 

physical hydrodynamic parameters including exposure to wave action, tidal currents and 

sediment supply will also have influenced the spatial distribution of low inter-tidal pioneer areas. 
Across the study transect the two cores from sites on the Isle of Mull and that from Loch 

Creran are characterized by homogenous well-mixed sediments consisting of coarse to fine sand 

with silt and fine clay material. These marshes contain relatively low levels of organic material 
in comparison to some other UK locations (e. g. the Solent estuary system, Cundy and Croudace, 

1995; Cundy et al., 1997). This is in direct contrast to the observations of Adam (1978) for other 

marsh settings in western Scotland to the north and south of the present study area. 
The lower levels of organic material present in the Argyll marshes investigated in this 

research are considered to result from two principal factors. Firstly, the marsh vegetation 

consists predominately of tall marsh grass species (e. g. Puccinellia maritima and others). These 

are characteristically less succulent and more hardy than herbaceous halophytic species such as 

Halimonia portulacoides found in more southerly marsh environments. Additionally, the below- 

ground rhizome development of these marsh grass species is possibly not as extensive as other 

halophytes and may also be more limited by seasonal variations in light and temperature. 

Secondly, these marshes have a prolonged history of intermittent grazing use by local 

landowners as identified by Adam (1978) from other sites. Both cattle and sheep have been 

observed on the marshes during successive field visits indicating that this practice is still 

continuing at all the sites investigated in the present study, albeit on an irregular basis. 'Me 

combination of these two factors results in the marshes being dominated by clastic material (silts 

and sands) and containing low quantities of organic material. 

8.3: Evolution of the Argyll marshes 

8.3.1: Loch Scridain (western Isle of Mull): core sedimentology 

Ma . or element geochemical data indicate very little variation in sediment source with j 

time as shown by the profiles of Si (as an indicator of coarse material) and Al and K (indicative 

of fine sediment inputs, Figure 8.1). The dry bulk density profile indicates a striking reduction in 
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values above 57-58 cm from which point values are remarkably constant upward through the 

core to a depth of 15cm. 'Me lower section of the dry bulk density profile below 57-58 cm depth 

and elevated values for sediment density corresponds well with the visual stratigraphy and 

represents values associated with the underlying coarse deposits. The rapid decline in sediment 
dry bulk density above this depth increment is accompanied by gradually increasing values of 

organic matter (via LOI) and a decline in the relative abundance of Si. As such the 57-58 cm 
depth increment is taken to represent the onset of marsh conditions at this site and the 
development of halophytic vegetation (Figure 8.1). Continuing gradual decline of Si is 

accompanied by increasing values for organic carbon resulting from in-situ production of marsh 

vegetation and slight increases in Al and K indicating increasing concentration of fine material. 
The lower and middle sections of the core clearly show the development of marsh and the 

subsequent gradual fining of material with increasing organic input up to 15-16 cm depth. Above 

this depth dry bulk density can be seen to fluctuate above and below the lower more stable 

values. This is accompanied by fluctuating LOI input to the marsh surface with a concomitant 
increase in the abundance of Si indicating an increase of coarser material from 15-16 cm to the 

marsh surface (Figure 8.1). Trace elements 1: ncluding Pb, As, Zn and Br (Figure 4.12) also show 
increased concentrations within the near surface sediments which are derived from detrital inputs 

as opposed to diagenetic precipitation (discussed below). 

Various positive correlations have been identified that indicate the association of organic 

matter with various major element components of the marsh soil (Figure 4.10a and b; 

summarized in Figure 4.11). These analyses show that organic matter is predominantly 

associated with the redox-sensitive elements Fe, Mn, S03 and P205 and hence post depositional 

diagenetic reactions in the Loch Scridain core. The weaker association with Ti02 implies that 

some organic material is coupled to detrital inputs to the marsh. The actual strength of 

relationships between major element abundances and LOI values is highly dependent upon the 

accuracy and hence error associated with measurement via the X-R-F technique. Error is 

determined by summation of the values obtained for the twelve key major elements. These 

should comprise 100% in total and error can, therefore, be assessed from the deviation under or 

over the 100% figure. Measurement error associated with the major elements abundances for the 

Loch Scridain marsh core are shown in the table presented in Appendix 4.1 which includes the 

summation data. These clearly demonstrate that the range of error is small ranging from 0.02 - 
1.38% providing a high quality data set from this core. 
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Problems associated with LOI determination have been highlighted in Chapter Three 

(section 3.5). Some discussion is directed towards the accuracy relating to values where organic 

carbon is low (i. e. below 10 % dry mass). Visual inspection of the core reveals that clay is 

indeed present as a minor component of the sediment matrix. However, the dominant fraction of 

these mineralogenic sediments is silt with fine to coarse sands increasing toward the base (from 

visual inspection of oven-dried sediment). The very dark colour and organic texture of the marsh 

peats in many other coastal locations within western Scotland perhaps led Adam (1978) to 

conclude that the marshes he studied consisted of highly organic-rich sediments. LOI 

measurements have revealed that this is not the case in the sequence extracted from Loch 

Scridain with relatively low values being recorded in this marsh (maximum 10% dry mass at 22- 

23 cm depth; Figure 8.1). Nevertheless, consideration of the data with the visual observations of 
dried material, coupled with the down-core profiles of K20 lends support to the argument of 

overall low clay content and hence confidence in the LOI measurement obtained from these 

mineralogenic sediments. This further provides a high degree of confidence that the statistical 

relationships between organic carbon and major element abundances are real and robust. 
Statistical analysis using the CONIS least sum of squares (Grimm, 1991) identifies two 

distinct zones from the major and trace element geochemistry and these are subdivided into 

further chemozones (Figures 4.9 & 4.12). The major division between LSrid A and LSrid B is 

the product of diagenetic procesess (discussed below). Further subdivisions of the geochemical 

zonation correspond well with the lower visual stratigraphy in the core and are related to the 

transition from coarse underlying substrate into more organic-rich finer marsh sediments above 

56-57 cm depth. Ibe uppermost chemozone LScridB2 results directly from the increased 

sediment accumulation within the near-surface layers of the core (discussed in section 8.3.2 

below). 

8.3.2: Redox geochemistry 

Down-core profiles of Fe/Al and Mn/Al indicate the presence of peaks situated between 

35-36 cmýand 14-16 cm depth respectively (Figure 6.1). These peaks are attributed to redox 

controlled diagenetic remobilization. of Fe and Mn and correspond well with the theoretically 

derived reaction profiles for these elements (Froelich et al., 1979; Santschi et al., 1990). Within 

accumulating sediments undergoing reduction reactions the occurrence of a significant peak in 
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dissolved Mn below a high near-surface concentration of solid-phase Mn strongly suggests that 

diagenetic remobilzation has taken place (McCaffrey and Thompson, 1980; Thompson et al., 
1995). These reactions involve the dissolution of W' and subsequent re-oxidation following 

redistribution of Mn in sediment pore-waters within oxidizing sediments. 'Me diagenetic 

enrichment of Fe occurs at greater depths than the diagenetic enrichment of Mn owing to the 

greater stability of Fe oxyhydroxides within the upper more mildly reducing conditions where 

peaks indicative of Mn enrichment are generally located (Froelich et al., 1979; Brumsack and 
Gieskes, 1983; Zwolsman et al., 1993). The down-core profile of S indicates that significant 

enrichment has occurred within the upper 16-17 cm of the Loch Scridain core. This is attributed 

to active erosion of the fronting lower marsh environment resulting in the deposition and 

subsequent loss via oxidation of sulphide-rich suspended matter and sulphide minerals derived 

from eroded older material (Figure 8.2). Similar conclusions have been derived from studies 

within the Solent and Sheldt estuaries (Lewis 1997; Zwolsman et al., 1993, Thompson et al., 

2002). 

Other trace element profiles provide further constraint upon the position of key redox 
boundaries within this core. The S/Cl ratio plot clearly indicates enrichment of S relative to C1 

below 50 cm depth although the maximum ratio of - 0.7 at 63-65 cm is not indicative of 

strongly anoxic conditions (Cundy and Croudace 1995; Figure 6.3). Preferential remobilization 

of iodine is known to take place relative to organic carbon during early diagenesis (Price and 

Calvert, 1977; Upstill-Goddard and Elderfield, 1988; Thompson et al., 2002). Iodine has been 

shown to be released more rapidly than Br with peaks in iodine indicating enrichment occurring 

at active oxidation fronts resulting in solid-phase peaks above the redoxcline in low oxygen 

conditions (Thompson et al., 1993). Similar diagenetic recycling of trace metals such as As and 

V can al so be used to define the redox zonation of marsh sediments (Figure 6.3). Ratio plots of 

S/Cl, I/Br, As/Al and V/AI all show coincident peaks with that of Fe/Al at 35-36 cm depth 

Figures 6.1 & 6.3). The base of these peaks therefore marks the onset of reducing conditions at 

depths below 3640cm with a zone of weakly anoxic/sulphidic conditions shown by the lower 

enrichment of S1 and V at depth. The peak in Mn at 14-15 cm marks the base of the transition 

between oxic and sub-oxic Eh conditions. A summary of the redox geochemistry of this core is 

presented in Figure 8.2. 
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The distinct redox zonation evident in this core influences the CONISS derived major 

and trace element chemozones described from the cluster analysis performed using the Tilia 

software (Figures 4.9 & 4.12). Clearly the transition between zones A and B corresponds well 

with the inferred redoxcline (Figure 8.2). 

8.3.3: Core geochronology ( 210 Pb and 
137Cs dating and 

24'Am 
profiles) 

Measured 21OPbe,. 
ýs., activity, i. e. that in disequilibrium with the background 22'Ra 

activity reveals an approximate exponential decline in activity (Figure 8.3) closely resembling 

the theoretical exponential decline in activity proposed by Appleby and Oldfield (1992) for 

undisturbed sediments. This indicates that the marsh core from Loch Scridain has not undergone 

significant disturbance or changes in sediment supply over the period of time corresponding to 

the maximum capability of the 21OPb method (circa 120 years). The 2 loPb,,,, 
e,, profile supports the 

major element geochernical data (discussed in section 8.2.2 above) and indicates very stable 

marsh historical deposition with no changes in the exponential activity slope likely to be caused 

by significant variation of sediment accumulation or source (Cundy and Croudace 1996). 

Additionally, there is little evidence from the sediment composition data for large-scale 

deposition, erosive events or standstills in marsh vertical accretion which would result in 

inflections in the 2 loPbe. 
eý, profile visible as decreases or increases in specif-IC 2 'OPb activity 

(Cundy and Croudace 1996). The entire inventory of VoPbexcen is concentrated above the redox- 

cline in the oxic and post-oxic sediments. There is no obvious change in the shape of the low 

activities recorded at depth in the 2 loPbexcess profile close to the vicinity of the redox boundary 

situated between 41-54 cm. depth or the oxic/sub-oxic boundary inferred at 14-15 cm depth 

where enrichment of Mn is apparent (Figure 8.2). This would be expected if significant 2 'OPb 

migration had taken place as a result of Fe and Mn recycling. 

Under stable marsh conditions where no obvious variation in sediment source is 

apparent and bioturbation appears to be negligble it is possible to extend the time period of the 

2 1OPb methodology further back to ca. 150 years (A. B. Cundy pers. comm. ). Additionally, owing 
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to the constant nature of sediment deposition within the core sequence it has not been necessary 

to normalize the "OPb excess profile to take account of variations in sediment mineralogy. 

Applying this scenario to the Loch Scridain core provides a maximum lower date of c. 1850 AD 

13 years; Table 5.1). This date does not correspond to the maximum depth of inferred marsh 

sediments derived from the LOI data shown in Figure 8.1. It is therefore reasonable to assume 

that the onset of marsh development at this site has occurred at an age that pre-dates the reliable 

scope of "OPb. From c. 1850 AD (depth of 20-21 cm) the rate of sediment accretion has been 

almost constant. Average sediment accretion determined from the simple model therefore 

provides a robust estimate of historical deposition over the last 150 years with a calculated 

average of 1.1 mm yf 1 (2 standard deviation range = 0.9-1.3 mm yf 1). 

The incremental nature of the CRS model provides the capability to analyze discrete 

depth horizons in terms of sediment age. It is therefore possible to model differential rates of 

sediment accretion based upon the measured activity at depths throughout the core 

corresponding to the sampling resolution (McCaffrey and Thompson, 1980; Cundy el al 1998). 

Calculation of the incremental sediment accretion rates are shown in Table 5.1 and summarized 

in Figure 8.3. These reveal that up to 1995 AD rates fluctuate between 0.8 mm yr" to 2.5 mm yf 
1 with an average figure of 1.4 mm yf 1, this being slightly higher than the simple model 

estimations over the period 1849-1995 AD. Nevertheless these values highlight the general 

stable rates of sediment accretion that have taken place over much of the historical period of 

deposition on this marsh. 
This situation is however not maintained within the near-surface layers of the core. CRS 

derived sediment accretion increases quite dramatically over the period 1995-1999 AD to yield a 

significantly higher recent rate of 6.3 mm yf '- This is a minimum calculated rate dependent upon 

the manipulation of the model depth increments over which 2"Pb activity is measured 

(highlighted in Chapter Five). As such the maximum sedimentation rate for the near-surface 

layers over the period 1995-1999AD could be as much 7.5 mm yf 1. 

"'Cs data from this core reveals a distinct lower peak situated at 4.5 cm depth (Figure 

8.3) which is attributed to the pre 1963 AD above-ground weapons test signature found in many 

undisturbed northern hemisphere soils (Appleby et al., 1991). However, both the CIC and CRS 

models do not date this accurately to 1963 placing these sediment increments some 9-12 years 

younger at 1972 and 1975 respectively. Sediment accretion using this marker horizon assuming 
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1963 AD yields a rate of 1.4 mm yf 1 being slightly higher than that derived from the 2 'OPb 

models. 
A definitive source for the upper broader peak situated between the surface and 3.5 cm 

depth also poses problems for accurate dating purposes. This peak is very likely to include 

activity derived from the 1986 Chernobyl accident. However, it is possible that the pathway of 

radiocaesium. from the Kiev reactor explosion may have resulted in lesser quantities of 

atmospherically derived 137Cs deposition on the western side of Mull (Cambray et al., 1987). If 

this is the case then 137CS in the near-surface sediments will be a function of catchment derived 

activity being leached into the Colladoir River delivered to the marsh surface and superimposed 

upon that derived from earlier Sellafield discharges and other labelled material possibly resulting 

from marsh erosion. Due to the short half-life Of 134CS (tY2 = 2.06 years) the 1 34CS/137Cs ratio 

cannot be used to corroborate the Chernobyl signature in the Argyll marshes as 134Cs has 

decayed to activity levels below detection or may in fact now be absent . 
Visual inspection of the CRS derived age/depth curve (Figure 8.3) clearly shows a 

distinct inflection in the profile at 20-21 cm depth below the reliable limit of the 2'OPb method. It 

is therefore not possible to determine whether the steeper section of this profile between 20-21 

cm. and 40-41 cm accurately represents a period of more rapid sediment accumulation associated 

with a lower Ouvenile) marsh setting using 21OPb dating. Such environments are known to 

develop at a faster rate owing to the increased periodicity of tidal flooding and sediment 

deposition (Stumpf, 1983; Reed, 1990; Pethick, 1992; Allen, 2000). If marsh initiation is 

considered to have developed above 56-57 cm. which seems reasonable given the compositional 

and LOI data, then it would also be reasonable to assume that the steeper section of the profile 

does indeed relate to older low marsh conditions. All that can be said here, is that the marsh at 

this site began to develop at some point during the nineteenth century, prior to the reliable scope 

offerred by the 21OPb method. Above the inflection on the age/depth profile the prolonged period 

of steady-state accretion and is likely to represent rates of sediment accumulation taking place on 

a mature marsh surface. 
CIC and CRS model ages plotted against cumulative dry mass shown in Figure 5.5 

indicate the overall good agreement between these 21OPb model derived sediment accumulation 

rates and those derived from the 137Cs activity profiles Dry sediment is used to obtain actual 

mass accumulation over time and facilitates the elimination of errors relating to the true position 
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of activity pcaks and possiblc cffccts rcsulting from autocompaction of marsh sedimcnt (AlIcn, 

2000). 

Both the CIC and CRS models show good agreement with regard to accumulated mass 

over the period c. 1850-1995 AD with values of 0.14 and 0.10 g cm yr". For the most recent 

period of increased sediment accretion the 21OPb models deviate from one another with values of 
1.2 and 0.90 g cm yf 1 for the period 1995 - 1999AD. Importantly the increased sediment 

accumulation on the marsh surface has occurred since the two periods of known 

anthropogenically derived 137CS. Ibis accounts for the higher cumulative mass value obtained if 

the upper peak is considered to contain a 137CS Chernobyl marker horizon (accumulated masses 

of 0.17 and 0.19 g cm yfl for 1963 AD and 1986 AD respectively). This is additionally 
important as the higher rate of sediment dry mass accumulation recorded from the 21OPb CRS 

model calculations is supported by the increased mass accumulation determined from the upper 
137CS marker horizon. 

Sediment accretion over the period of inferred mature marsh conditions does appear to 

confonn to Pethicks' (1981) model with reduced accumulation rates over the ca. 70 year period 

which is now being disrupted by elevated sediment accretion rates on the marsh surface. 

8.3.4: Element fluxes and marsh evolution 

Changes in sediment accumulation rates resulting from either rapid deposition or 

removal of material are known to produce inflections in the 210 Pb,.,,,.,, activity profiles used for 

dating purposes (Cundy et al., 2003). These can be identified using the CIC and/or CRS dating 

models (McCaffrey and Thompson, 1980; Appleby and Oldfield, 1992; Appleby, 2001; Cundy 

et al., 2003). In environmental settings where sediment accumulation may be subject to changing 

energy conditions or changes in rates of sediment accretion complex element distributions can 

sometimes be revealed using radionuclide activity profiles alone. In sediments where significant 

changes are recorded the use of element flux calculations provides a mechanism for examining 

the accumulation of elements and their distributions whilst taking into account variations in rates 

of sediment accretion (Cundy et al., 2003). 

In the marsh core from Loch Scridain, the 150 year period of historical deposition 

(derived from the CRS model calculations) is quite uniform apart from that which has occurred 

365 



Chapter Eight 

over the last decade or so. Calculated major element fluxes for Fe, Mn, Ti and K and the trace 

metals Pb, Zn, Ni, As, Cr and V (Figures 7.5a & 7.5b) reveal the steady input of sedimentary 

material to the marsh surface over the period of historical deposition. In the near-surface layers a 

significant increase of element flux is recorded in all profiles. For the redox-sensitive elements 
Fe, Mn, As, and V the increased surface flux does not correspond to peaks related to early 
diagenesis within this core (Figure 8.2) 

The similarity of these profiles to those of Ti, K, and other trace metals indicates that the 
increased flux evident within the near-surface of the core is due to increased detrital sediment 
input. The correlation of trace metals (particularly Ni and Zn) with indicator elements of the fine 

sediment matrix (Figure 7.3) provides evidence of particle associated increases in metal fluxes 

over the most recent period of marsh evolution. 
Overall concentrations of trace metals in the Loch Scridain core (Figure 7.1) reflect a 

complex pattern of both natural weathering processes and deposition of poly-genetic material on 

the marsh surface over time. Enrichment of Pb and As in the upper 15 cm broadly corresponds to 

a period of increasing marsh instability recorded in the dry bulk density profile. Horizontal 

correlation with the redox-sensitive elements Fe, Mn and S reveals generally weak associations 

indicating a lack of diagenetic influence on the profiles of these trace metals. 

Inspection of the down-core profile of Br indicates a very close horizontal correlation 

with the distribution of Pb and As. The strong positive linear correlation indicates that 

bromination of these metals is the principal geochemical process influencing Pb and As 

distribution (Pellenbarg, 1984) resulting in the enriched section of the core above background 

concentrations (Figure 7.1 & Table 7.2). 

Other trace metal distributions, i. e. those of Ni and Cr, are not influenced by physical 

and chemical association with organic carbon (via LOI) or diagenetic processes. Distribution of 

Ni and Cr is governed by the fine fraction of the sediment matrix and hence association with 

clay particulate matter. Concentrations of these elements are significantly lower than background 

crustal levels reflecting the observed low clay content of the core (Table 7.2). Zn on the other 

hand seems to be more independent and not directly influenced by physical or redox-driven 

processes. Concentrations are much lower than background crustal values (Table 7.2) indicating 

that supply to the marsh from catchment derived weathering is not a major source of Zn. 

Therefore, the source of Zn to the marsh surface is considered to be derived from on-going 
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marsh re-distribution processes over time with slight enrichment in the upper decimetre of the 

core (age =1910 ±4 years to present) linked to discrete fluctuations in mineralogenic input. 

8.4.1: Loch Don (south-eastern Isle og Mull): core sedimentology 

Geochernical data from the Loch Don core (Figure 8.4) also show that throughout the 

period of marsh development overall sediment input and sources over time have not altered 

significantly. LOI values correspond well with the visual stratigraphy at depth with increases in 

organic carbon content evident between 40-41 cm depth. This corresponds to decreases in Si and 

authigenic Ca formation with slightly increasing values for Al and K. This strongly suggests 

that initiation of saltinarsh conditions occurred at 40-41 cin depth with elevated LOI values 

attained at 37-38 cm depth representing the influence of pioneer marsh vegetation. Despite some 

minor fluctuation in Si abundance above 30 cm. depth (Figure 8.4) the dry bulk density profile 

clearly indicates the stability of the accumulated material with a gradual up-core reduction 

indicative of a gradual fining of material upwards through the core. Depth profiles of Al and K 

(indicative of clay content) support this interpretation and a gradual increase in fine material is 

inferred from the increasing abundance of Al and K towards the marsh surface. 

Positive correlation between LOI and the elements Fe, Mn and S point to associations 

driven by post-depositional diagenetic reactions with these redox-sensitive elements (Figures 

4.20a and 4.20b; summarized in Figure 4.21; discussed in section 8.4.2 below). Positive 

correlations with Al, K, P and Na indicate associations linked to vegetative litter, organic 

complexes and marsh surface evapo-transpiration processes (Turner, 1999). Correlations with Ti 

(as. a proxy for detrital input) support the regression analysis for LOI with only Si and Ca 

displaying significant positive associations indicating that these components are derived from 

detrital input. Average LOI values are slightly lower within the Loch Don core than those 

recorded from western Mull at Loch Scridain. Maximum values occur at three distinct depth 

horizons (Figure 8.4) which do not appear to be intrinsically linked to depositional process and 

may reflect the influence of diagenetic reactions. 

Two distinct chemozones are identified in the core using the CONISS least sum of 

squares analysis (Figure 4.19 & Figure 4.22; summarized in Figure 8.5). For the major elements 

the main zonation between LDonA and LDonB results from the redox behaviour of Fe and Mn 
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(discussed below). Other sub-zones present relate to compositional differences within the coarse 

sediment layer at the base of the core and in particular the upper near-surface layer characterized 
by increased sediment accumulation (discussed in section 8.4.3 below). 

Chemozones identified from the trace element concentration data clearly show the 

influence of the compositional variations within the lower and near-surface sub-zones. The 

section of the core sequence extending from 40-41cm up to 5-6 cm depth reflects the more 

uniform concentration profiles of many trace elements over this depth interval (Figure 4.22) 

8.4.2: Redox geochemistry 

Early diagenetic reactions in the Loch Don core have resulted in a distinct profile 
displaying peaks in both Fe and Mn (Figure 8.5). The bulk of the core profile is exposed during 

Low Water on the neap tide (LWONT) and this situation is exacerbated during Spring tides 

(HWOST). As a result of this variable exposure the surface sediments down to 30 cm depth are 
highly oxidized. This has resulted in enrichment of both Fe and Mn at depth increments that are 

situated close together (between 22 and 32 cm depth). This is in direct contrast to the core from 

Loch Scrdain where the peak in Mn clearly defines the base of the sub-oxic boundary at a higher 

altitude in the sequence. Additionally, a somewhat smaller peak in Fe occurs at 12-13 cm depth 

which corresponds to a decline in Mn element abundance. The presence of the sub-surface peak 

in solid-phase Mn beneath the surface enrichment recorded in the core points to significant early 

diagenetic remobilzation having taken place within the sediment prism. The uppermost peak in 

Fe also strongly suggests that the oxidizing conditions resulting from exposure at low tides has 

resulted in the reduced stability of Fe oxyhydroxides within sub-oxic conditions causing 

precipitation of Fe. This peak also corresponds to a small increase in S and organic matter 

content which may be due in part to the oxidation of authegenic Fe sulphide minerals. These are 

present on the upper estuary marsh surface owing to the ongoing erosion of the fringing outer 

estuary marsh areas which are now providing a source of material to the upper estuary area 

(discussed in section 8.10 later in this chapter). 

Redox-sensitive trace element ratio profiles highlight the true position of the redoxcline 

in this core (summarized in Figure 8.5). The S/Cl down-core profile clearly shows sustained 

enrichment below 38-40 cm depth. Comparatively, the I/Br profile displays multiple peaks 
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between 14-31 cm which clearly demonstrate the fluctuating precipitation of Iodate and a zone 

of sub-oxic to oxic conditions resulting from tidal exposure. As and V profiles are not so well 
defined although the small peak in both these elements at 22-23 cm. depth indicates a sub-oxic 

environment. In the V/A1 profile reducing conditions at depth are highlighted by the enrichment 

of V at 42-43 cm depth which corresponds to smaller peaks in reduced I and As within the lower 

more sulphidic section of the core (Figure 7.7). 

The major element geochemical zonation is strongly influenced by the early diagenetic 

signature in this marsh. The boundary between the two distinct chemozones (LDon A and LDon 

B) clearly corresponds to the redox zonation resulting from the remobilization of Fe and Mn 

within the core (Figure 4.19). Similarly, the boundary obtained from the statistical analysis of 
the trace element data is also influenced by the diagenetic behaviour of 1, As and V (Figures 

4.22 & 7.7). Chemical sub-zones within the core correspond to the basal stratigraphy and the 

increased detrital input to the marsh in the near-surface layers, discussed in the next section. 

8.4.3: Core geochronology eloPb and 137Cs dating) 

The 21OPb,,,,,,, activity profile from Loch Don approximates an exponential decline in 

... Pb activity with increased depth (Figure 8.6). The decay with depth is only interrupted to a 

limited extent by a slight inflection between 11-12 cm. depth suggesting deposition of material 

which has slightly increased the measured activity. The lack of significant inflections in this 

decay profile coupled with the compositional geochernistry data indicates that the sediments in 

this sequence are largely undisturbed and represent a constant record of the depositional history 

in this marsh (Cundy and Croudace, 1996). The redox zonation (discussed in the previous 

section) indicates that the entire 210 Pbexcess activity is present in the oxic and sub-oxic sediments. 

No obvious change to the shape of 2'oPb decay profile can be attributed to early diagenetic 

processes inferred from the comparison with down-core profiles of Fe, Mn, SI/Cl and I/Br 

(Figure 8.5). 

Marsh initiation is inferred from the various geochemical, data to have commenced at 

40-41 cm depth (Figure 8.4). This corresponds to a2 10Pb derived date of 1893 AD (± 5 years) 

which is well within the capability of the 21OPb method. Over the circa 107 year period of marsh 

evolution the simple model reveals an average rate of sediment accretion of 3.4 mm yr". 
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A more detailed breakdown of the depositional history is possible using the CRS model 
derived incremental geochronology corresponding to the core sampling resolution. (Figure 8.6). 

This demonstrates that a period of rapid sediment accumulation occurred between circa. 1893 

AD (± 5 years) to 1928 AD (± 2 years). During this period rates of accumulation fluctuate 

between 5-7.1 mm. yr-1 (see section 8.8 below). Following this a ca. 70 year period of reduced 

more uniform accretion has taken place corresponding to the change in gradient at 20-21 cin 
depth on the age/depth plot with sedimentation rates varying from 2.0-3.3 mm. yr*" The CRS 

model also identifies a very recent period of marsh development within the surface sediments 

that corresponds to a significant increase the rate of sediment accretion calculated at 8.3 mm yf I 

over the last 3-4 years for the upper 2.5 cm. This figure increases to 10 nim yr" if the sampling 
depth over which measured 21OPbe,, 

c,,, activity is extended to cover the entire upper 3.0 cm. 
Hence the recent rate of sediment accretion in the near-surface layers of the core lies in the range 

of 8.3 - 10.0 mm yf 1. 

Measured 137Cs down-core activity reveals two distinct peaks which are attributed to pre 
1963 AD weapons test fallout and atmospheric deposition resulting from the Chernobyl accident 
(Figure 8.6). Comparison with the 137Cs data of Callaway et al., (1996b) from the north Norfolk 

marshes UK highlights the similarity between these profiles and those obtained from Loch Don. 

The North Norfolk marshes were also under the pathway taken by the Chernobyl plume 

and will also have received marine input of Sellafield labeled material present in North Sea 

(Thompson et al., 200 1). The rapid decline in 137Cs activity within the near-surface sediments of 

the Loch Don core reflects the lack of significant freshwater input to the upper estuary site with 

reduced catchment derived radio-caesium and declining discharges during the latter part of the 

twentieth century emanating from Sellafield. 
2"Pb derived ages for the these two peaks vary depending upon the model used for 

geochronological control with some disparity between the CIC and CRS derived ages being 

apparent (Figure 5.10 and Figure 8.6). The CIC model age for the lower peak attributed to 1963 

AD gives an age of 1964 AD (± <1 year) with a corresponding CRS model derived age of 1972 

(± <1 year). The onset of 24'Arn deposition is clearly defined at the same depth as the lower 

peak in 137 Cs (Figure 5.11). Plotting these two radionuclide activity profiles against cumulative 

dry mass removes any effects that may be the result of auto-compaction processes Hence the 

horizontal correlation between 137Cs and 241,4kM at this depth are real effects and it is not possible 

to assign a pre 1963 AD marker horizon using 24'Am. 
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Having identified the overall compositional stability of these sediments the reasons for 

this difference in calculated age are not fully understood but may be the result of either slight 

remobilization, of 137CS (see below) or masking of the true peak owing to Sellafield derived 

inputs. 

At depths below 14-15 cm, measured 137Cs activity has been detected at depths which 

pre-date both Sellafield discharges and above-ground atmospheric weapons testing. The 

correlation between 137Cs activity and K (r2 = 0.65; p=0.63, n= 10) indicates a significant 

association of Cs with the clay mineral fraction in these sediments (Comans et al., 1989). 

Weaker positive correlations exist between the redox sensitive elements Mn and S (r2 = 0.05 & 

0.40) and with CI (r2 = 0.41). Although not statistically significant, these values suggest that 

partial remobilization of Cs has taken place, most probably within the sediment pore waters 

resulting in partial displacement of some 137CS to deeper and hence older sediment depths. 

Similar behaviour of 137Cs and actinides has been documented elsewhere (e. g. Evans et al., 
1983; Davis et al., 1984; Anderson et al., 1987; Hunt and Kershaw, 1990; Short, 1995; Plater 

and Appleby, 2004). However, this does not appear to have been significant enough to 

compromise the position of the peaks in higher activity attributed to 1963 AD and the 1986 AD 

Chernobyl accident. Despite the obvious displacement of some Cs, comparison with the data of 
Callaway et al. (I 996b) strongly suggests that the peaks in this core used for dating horizons are 
in fact reliable. Certainly the CRS model dates provide a robust chronology for the Chernobyl 

signature in the upper section of the core at this site. The lack of any horizontal correlation with 

the 24'Am profile lends further supports to this peak being associated with deposition derived 

from Chernobyl. 

Sediment age plotted against cumulative dry mass (Figure 5.10) also highlights the 

discrete differences between the CIC and CRS models and the timescales obtained from the 
137Cs data. Further highlighted via the CRS model approach in this graph is the point at which 

the sedimentation rate changes and is reduced from an estimated 0.96 g cm yr" to 0.33 g cm yf 1. 

This reduction in estimated sediment accumulation is inferred here to represent the transition 

from low to high marsh environments where sedimentation is intimately controlled by tidal 

flooding periodicity. This period of development corresponds well with the change in gradient 

on the age/depth profile (Figure 8.6). Also of importance are the slight differences in estimated 

sediment accumulation derived from the two 137 Cs dating horizons. Increased mass accumulation 

using the Chernobyl marker horizon compared to the value obtained from 1963 AD supports the 

374 



Chapter Eight 

argument for the recent increase in marsh sedimentation. This is therefore a real effect and not 

merely an artifact of the 21OPb model calculations. 

8.4.4: Detrital and trace element distributions, fluxes and marsh evolution 

Calculation of major and trace element fluxes to the marsh surface over time provide a 

useful mechanism for examining the accumulation of elements and their resultant distribution. 

This is particularly useful where radiometric dating methods reveal variation in the actual rates 

of vertical accretion over time (Cundy et al., 2003). 

Fluxes of both major and trace elements within the Loch Don marsh core are calculated 

using the CRS model derived ages and are shown in Figures 7.12a and Figure 7.12b. These 

profiles clearly show a period of fluctuating element fluxes between the period of initial marsh 
development circa 1893 AD which diminishes after circa 1921 AD. Although an early diagenetic 

influence is responsible for the major peaks in the Fe and Mn profiles (Figure 8.5), the flux 

calculations for the detrital major elements Ti and K also indicate enrichment over the same 

depth interval indicating that detrital inputs have also contributed to the peaks in Fe and Mn. All 

element flux profiles show a distinct decline in material above 20-21 cm. depth. This corresponds 

to the reduction in sedimentation rates visible in the age/depth profiles at the same depth. The 

decline in flux does not recover within the period of depositional history extending from post 

1921 AD to post 1987 AD. The interpretation here based upon geochernical flux calculations is 

that the marsh has undergone a transitional phase from low (immature) marsh with more rapid 

sedimentation rates to high (mature) marsh where all element fluxes are significantly reduced 

corresponding to lower rates of sediment accumulation. 
Trace metal profiles indicate that the marshes here contain concentrations of heavy 

metals that reflect background crustal values (Figure 7.8; Table 7.2) apart from As which shows 

a slightly enriched distribution above 30 cm depth. Pb and As are strongly implicated in physical 

and chemical reactions with Cu, Ni, and Zn being more weakly associated with LOI values. Here 

the association between LOI and trace metals is most probably the result of a suite of 

mechanisms including physical adsorption, chelation reactions and cation exchange processes in 

the solid-phase (Bendell-Young and Harvey, 1992; Tessier et al., 1996). 
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Trace metal distributions do not appear to be strongly influenced by the diagenetic 

recycling of Fe and Mn. The strong horizontal and linear correlation with Br indicates that 
bromination of metal species is a highly active geochemical process in the Loch Don marsh and 
exerts a major control on all metal profiles apart from Cr which is likely to be associated with 
other heavy mineral components. 

8.5: Loch Creran (mainland Argyll) 

8.5.1: Core sedimentology 

In the core from Loch Crcran the onset of increased LOI values at depth corresponds 

well with the visual stratigraphy indicating a transition from the underlying coarse sands and 

gravels to finer sediments consisting of silt and clay material with visible root fragments above 
4041 cm depth (Figure 8.7). Over the same depth interval a corresponding decrease in the 

abundance of Si is also mirrored in the profile of sediment dry bulk density. This lowermost 

section of the core indicates that fine material input/content is uniform within the basal 

stratigraphy (inferred from the Al and K profiles). The average organic carbon content of the 

Loch Creran core is lower than those recorded within the Isle of Mull cores within an overall 

value of 3.9 (% dry mass). This figure increases slightly to 5.1 (% dry mass) in the upper 40 cm. 
Comparison of the visual stratigraphy with the LOI profile indicates the transition from sand flat 

to marsh conditions above 40 cm. depth. The middle section of the core between 40 and 16 cm 
depth is characterized by uniform dry bulk density and LOI values indicating general stable 

sedimentary conditions in terms of supply and source of organic and inorganic material. The 

only exception to this is the decline in both coarse and fine material evident at 20-21 cm depth 

inferred from the major element profiles shown in Figure 4.28 (summarized in Figure 8.8). This 

decline is not recorded by a corresponding inflection in the LOI or dry density profiles. 
However, at the same depth increment Fe abundancq can be seen to increase significantly which 

strongly suggests the influence of diagenetic Fe precipitation (discussed in section 8.5.2 below). 

Regression analysis of LOI with the major element compositional data reveals that 

organic matter is positively correlated with Mg, Ti and Ca indicative of a strong association with 

marine detrital input to this marsh (Figure 4.32). Organic material is also to a lesser degree 
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positively correlated with the redox sensitive elements Fe, Mn, S and P (see section 8.5.2. 

below). A weaker association is inferred with marsh evapo-transpiration processes from the 

correlation with Na. Organic matter is not associated with either the coarse or fine fraction of 

the sediment matrix as inferred from the strongly negative correlation with K and Si. Similar 

regression analysis using Ti (as proxy for detrital material) reveals that Ti is strongly positively 

correlated with Mg, Ca, S, P and Na which are associated with the influence of sea-water and 
hence marine input. The association with Fe confirms that iron is partially transported to the 

marsh surface as a detrital component. Within the core from Loch Creran, Ti is negatively 

correlated with other indicators of detrital material including Si and K, showing that the 

coarse/fine sand component and fine clay material is not ultimately derived from marine inputs. 

It is therefore postulated that at this site ongoing erosion of established sand bars and beach 

material results in redistribution of these sediments onto the marsh surface which is not related 
to the elemental composition of seawater flooding the marsh. 

CONISS analysis reveals a differing zonation derived from major and trace element 

geocherriistry. Major element chemozones show two distinct zones (LCreA and LCreB Figure 

4.30; summarized in Figure 8.8). LCreA can be sub-divided into three further zones. The 

lowermost zone is a product of the stratigraphic change at 40-41 cm depth from coarse sediment 

to finer more organic-rich marsh peat. Additionally, this zonation is also influenced by the redox 

controlled peaks in Fe and Mn which occur immediately above the same depth (discussed 

below). The boundary between chemozones LCreA2 and LCreA3 is principally a product of the 

large peak in Fe between 18 and 25 cm depth which is diagenetic in origin (see section 8.5.2). 

The upper chcmozone (LCrcBl) is defined by the statistical analysis owing to the greater 

abundance of Fe, Mn, P and S present in the near-surface sediments. CONISS analysis of the 

trace element concentration data again defines two distinct zones but the sub-divisions of these 

are broadly compatible with those from the major element data (Figure 4.33; summarized in 

Figure 8.8). For the trace element data the chemozones firstly reflect the obvious stratigraphical 
difference between the underlying coarse sediments and the compositional change into the marsh 

peat above 40-41 cm depth. The boundary between trace element derived chemozones LCreB I 

and LCreB2 reflect the influence of peaks in the various redox sensitive elements (discussed in 

the following section). The uppermost zone is most certainly i product of enhanced 

sedimentation within the most recent near-surfacc layers and the influence of increased trace 

element detrital inputs to the upper marsh surface (see sections 8.5.3 and 8.5.4 below). This 
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includes significant enrichment of the metals including As, Co, Ni, Pb, U, Zn and the halide 

elements 1, Br, S and CI (Figure 4.33). , 

8.5.2: Redox geochemistry 

Early diagenesis has resulted in the development of a distinct redox zonation in the core 
from LDch Creran (Figures 7.9 & 7.11). Similar to the sequence from Loch Don on Mull 

diagenetic enrichment of Fc and Mn occurs at the same depth increment for both elements 
between 39-45 cm. Over the same depth interval organic carbon also increases representing the 

transition into coastal peat sediments from the underlying coarse sands and gravel substrate. In 

this core the redox boundary inferred from Fe and Mn enrichment has developed at the base of 

the coastal peat and uppermost section of underlying medium to coarse sands. This may reflect 

the influence of soluble Fe and Mn transported in sediment pore waters into the basal coarse 

substrate under reducing conditions during tidal flooding. 

A further peak indicative of significant Fe enrichment occurs at a shallower depth of 
between 18-25 cm with a corresponding minor peak in Mn. This upper peak does not correspond 

to significant enrichment of other mineralogenic elements suggesting that this is also the result 

of redox migration. 
The down-core profile of S/Cl clearly shows significant enrichment of S relative to CI 

below 4849 cm (Figure 8.8). Conversely, the I/Br ratio displays a significant peak between 39- 

4S cm comparative to those of Fe and Mn indicating that the redoxcline is situated in the zone 
between these distinct enriched depth intervals. Further trace element ratio plots of As/Al, V/Al 

and Mo/Al all indicate that the redoxcline in this sediment prism lies immediately below these 

peaks (Figure 6.11) 

The Loch Creran core is significantly darker in the basal section in comparison to the 

cores from Mull. This indicates that the underlying sands and gravels with very low organic 

content are somewhat more anoxic than the cores from sites on Mull. Above the redoxcline sub- 

oxic conditions are indicated by trace element ratio plots which show enrichment corresponding 

to the peaks in Fe and Mn at a depth of 18-2S cm. Fe, Mn, S, As and V all show significant 

enrichment in the near surface sediments (Figures 6.9 & 6.11). This results from the enhanced 
deposition of sulphide-rich minerals and the subsequent formation of authegenic ferric iron and 
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Chapter Eight 

Mn oxyhydroxides and the precipitation of migrating Fe2+ within the oxic/sub-oxic zones of the 
core. 

8.5.3: Core geochronology (21OPb and 137Cs dating and 24'Am profiles) 

The down_Core 21OPb 
..... activity profile from Loch Creran approximates an exponential 

type decay curve with only a minor inflection indicative of either deposition or removal of 
material at a depth of 12-13 cm. (Figure 8.9) The predominance of stable depositional conditions 
is re-enforced by the profiles of detrital elements such as Ti, Si, Al, and K and further indicates 

no significant changes in either the type or source of material supplied to the marsh surface over 
time. 

Background levels of 21OPb are reached at a depth of 30-31 cm with the inferred 

redoxcline and the transition to more anoxic conditions occurring over the depth interval 3842 

cm. Consequently, the entire inventory of measured 21OPb,. 
e, is contained within the oxic and 

sub-oxic sediments (Figure 8.9). No obvious changes in the 2 loPb,,, 
c,,. decay curve that coincide 

with peaks in the redox-sensitive element profiles of Fe or Mn (Figure 8.8), are evident 

providing an indication that little migration of 21OPb has taken place linked to early diagenetic 

processes. 
Simple model calculations reveal an average rate of sediment accretion of 3.7 mm yf 1 (2 

standard deviation range = 3.2 - 4.5 mm yf 1) for the whole sequence. Various geochernical data 

(major element profiles, LOI, and dry bulk density) show that the initiation of coastal marsh 

sediments has occurred at a depth of 40-41 cm (see above section). This is immediately above 
the coarser sands and gravels where LOI, dry bulk density and major element data fluctuate in 

accordance with the onset of finer organic sediments. Dating of this depth horizon yields an 
estimated age (1768 ±8 years). This is far beyond the reliable scope of the 21OPb methodology so 
the conclusion here is that coastal peat was forming at least before 1849 (± 5 years) which is the 

next youngest date estimation within the core. In sediments with an undisturbed depositional 

record such as exist in the Loch Creran core this may well be a reasonable estimate of the true 

age at this depth. It is therefore more appropriate in terms of marsh geochronology to assign a 

pre 1849 AD age for the initiation of coastal peat sediments within this core. The upper 2S-26 

cm contain the bulk of sediments that have accumulated over the last 9S-99 years. The CRS 

model ages (Figure 8.9) reveal that the rate of sedimentation over this time period has fluctuated 

381 



x 
Chapter Eight 

1.0 

CD C7,00 f- Z kn I-T M0 CN 00 r- \0 t/l "T 
Cl C7, (7, ON CN Cý (ON Cý C\ ON C, 00 00 00 00 00 00 
C-4 ---------------- 

(Crv snok) a8v 

00 

I. 

CD 

0 
0 

kj) 

C, T-- 

06 '00 

.C 
0. 

00 

CD 
Z 
m 

C 

U I- 

C) 

CD CD CD CD 

0 

ii 
I. 

ti 
C 

CCCCCCC 

-r 
'r, V) 

" 

t0 
ce. 

(wa) aoRjlnr, qsmw molaq qldKI 

,a 
ýg 
00 U -ý 

tit) 

kfý 
c, 

Coe 

r4 

'A ON 

2M 3Z 
u tu 

19EM 
EM 

;ý -0 ýa 
ý. 

41 D. E ý>ý 
, 

0 10 

JM 

u "0 

0 -cj 2 

ý. ýo Ln 

0 

. - 

6z j. .0 

ZE;. - 

LZ tiz . 

382 



Chapter Eight 

between values of 0.9 - 4.0 mm yf 1 with an average of 3.3 min yf 1 (2 standard deviation range 

= 2.7 - 4.3 min yf 1). 

As with the cores from Mull the CRS model identifies a recent and significant increase 

in sedimentation rate with an estimated value of 6.2 min yf I over the last four years marsh 
developmenL An accumulation rate range of between 6.2 - 7.5 mm yr-1 is obtained if the model 
calculation depth is extended to 3 min (discussed further in section 8.10). 

The 137CS profile for this core also displays a striking similarity to the data of Callaway 

et aL (1996b) with distinct measured activity peaks derived from pre 1963 weapons testing and 

the 1986 Chernobyl accident (Figure 8.9). For the lower weapons-test peak the 2 10Pb CRS and 
CIC models yield a calculated age of 1964 AD and 1965 AD (± <1 year). For the Chernobyl 

signature the calculated ages obtained from the two models are 1985 AD and 1987 AD (± <I 

year) respectively. Further corroboration for the 1963 AD weapons test peak is provided by the 
24'Am profile, which displays a measured peak in activity which correlates horizontally with the 
137Cs activity peak at the same depth increment. So, in the Loch Creran core there is a 241 Am 

signature relating to weapons test fallout which has not been determined in the other cores from 

Mull or Loch Etive (Figure 5.16). This provides further constraint with regard to the inferred 

137CS peak in all four cores. Similarly, a complete decline in 24'Am activity corresponds to the 

depth at which Chernobyl derived deposition is recorded. 137Cs discharges from Sellafield are 

also apparent within the Loch Creran marsh sediments along with fluctuating peaks in 241 Am 

activity. These are likely to result of in-growth from 24 'Pu during transport to and following 

deposition upon the marsh surface. The fluctuating peaks in 24'Am activity do not appear to be 

related to the record of late twentieth century storm frequency (see section 8.8 below) and are a 

product of aclivty levels close to or below levels of detection (Figure 5.16). Importantly, the 
137CS signature has not been maskcd by Sellafield inputs which reflects the high levels Of 137CS 

activity that were deposited over the Argyll region in the days following the Chernobyl accident. 
Using the two 137CS marker horizons for dating control yields sedimentation rates of 2.7 min yf 1 

and 3.5 mm yf 1 for pre 1963 AD and 1986 AD respectively. 

Some displacement of 137Cs to depths that pre-date the onset of anthropogenic 
discharges is evident in the down-core activity profile from this site. Similar behaviour Of 137CS 

and actinides has been documented elsewhere (e. g. Evans et al., 1983; Davis el al., 1984; 

Anderson et al., 1987; Hunt and Kershaw, 1990; Short, 1995; Plater and Appleby, 2004). 

However, this does not appear to have been significant enough to compromise the position of the 
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peaks in higher activity attributed to 1963 AD and the 1986 AD Chernobyl accident. Despite the 

obvious displacement of some Cs, comparison with the data of Callaway et al. (1996b) strongly 

suggests that the peaks in this core used for dating horizons are in fact reliable. 
The graphical plot of cumulative sediment dry mass versus age (Figure 5.15) removes 

any possible effects on the true position of both 137Cs dating horizons and the 21OPb activity 

chronology that may derive from auto-compaction (Allen, 2000). In producing this plot actual 

sediment mass accumulation can also be assessed which corroborates the previous estimations of 

actual sediment (vertical) accretion derived from both the CIC and CRS 21OPb models. Most 

importantly, the estimated dry mass accumulation derived from the 137CS dating clearly shows 
the increase in estimated sediment mass accumulation resulting from the two 137CS marker 
horizons (Figure 5.15). The 1963 AD peak yields a dry mass accumulation rate of 0.45 g cm yr" 

with an increased value of 0.53 g cm yf 1 obtained using the Chernobyl marker. This provides 

confidence that the recent increase in sedimentation rate recorded in the near-surface sediments 

measured by the 21OPb CRS model calculations is in fact a real cffect and not an artifact of the 

model. 

8.5.4: Element fluxes and marsh evolution 

The major peak in Fe and Mn corresponding to the redoxcline between 38-44 cm depth 

are not included in the flux profiles (Figure 7.19a). However, two distinct peaks are visible at 

shallower depths in the Fe and Mn flux plots at 20-24 cm and 10-15 cm. These correspond to 

peaks in both the Ti and K profiles demonstrating that the Fe and Mn peaks are in part due to 
dctrial inputs. 

Similar peaks are also observed in the trace metal flux profiles where the lowermost 

peak shown also corresponds to enrichment over the same depth interval in the I/Br, V/Al and 

Mo/Al distributions (Figure 7.19b). This enriched increment is therefore influenced in part by 

both detrital and diagenetic processes. The uppermost peak in the trace metal flux profiles is 

clearly not linked to early diagenetic reactions and demonstrates the influence on marsh 

development arising from increased sedimentation over the period 1945 AD to 1964 AD (CRS 

model derived dates). This also corresponds to an increase in the relative abundance of Si over 

the same depth interval which strongly suggests the influence of higher energy conditions. A 

similar period of enhanced sedimentation is not recorded at the other three sites over the same 
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calculated time-period. All detrital flux profiles highlight the recent influence of increased 

mineralogenic input within the surface sediment layers. Surface enrichment of Fe and Mn is due 

to the formation of authigenic Fe and Mn oxyhydroxides derived from the material being 

actively eroded from the frontal area of the marsh at this site (discussed ftuther in section 8.10). 
Trace metal concentration profiles show that Pb and As are strongly associated with 

organic carbon and are also influenced by the diagenetic cycling of Fe and Mn. A distinct zone 
of enrichment corresponds to the large peak in Mn between 3848 cin depth inferred to represent 
the transition from sub-oxic to reduced conditions. The other metals (Cr, Cu, Ni and Zn) show 
little correlation with the redox-sensitive elements and a stronger association with organic 
carbon in these sediments. All metal profiles indicate that concentrations throughout the core are 
generally below the background levels found in the crustal material surrounding the Loch Creran 

catchment (Table 8.1). Correlation of the metal distributions within the core reveal that 
bromination of all trace metal species analysed is an active gcochemical process taking place in 

the marsh at Loch Creran (Pcllenbarg, 1984; Figure 7.21). 

8.6: Loch Etive (Mainland Argyll) 

8.6.1: Core sedimentology 

The core from the head of Loch Etive displays a distinctly different stratigraphy from 

the other three sites investigated (Figure 8.10). Both major and trace clement geochemistry 
down-corc profiles (Figures 4.40 and 4.33) highlight the significant difference in elemental 

composition of the black silty sand situated between 29 and 41 cm depth compared to the 

underlying and overlying sand sub-units. The major element profiles of Mg, Ca and Ti show 
depletion of these elements within this sub-unit corresponding to enrichment of S and P 

suggesting a terrestrial source for this deposit. The LOI profile (as a proxy for organic content) 

also shows that this unit is significantly enriched in organic matter adding further support for a 

terrestrial origin. 
The enrichment of S within this sub-unit reflects the actual pre-depositional 

concentration and diagenetic chemical reactions involving organic carbon. Most trace elements 
including those indicative of detrital material (e. g. heavy metals and fine particulates) clearly 
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Chapter Eight 

indicate depleted concentrations within this deposit (Figure 4.33). Despite this other elemental 
profiles (e. g. Si, Al, K) indicate very little alteration to the element abundancelconcentration 
throughout the sediment prism suggesting that the accumulated core sub-units have the same 

general provenance. The source of this material is likely to be derived from fluvial transport of 

weathered and eroded material from the Glen Etive catchment and the sandy pocket-type beach 

situated within the central area at the head of Loch Etive (Figure 4.36). This small 
morphological feature is developing from the active erosion of the material from which the Late 
Holocene shoreline identified by Gray (1974) and the underlying fluvial sands and gravels upon 

which this older peat deposit has formed. 

LOI values are relatively depleted in the coarse-fine grained sand units below and above 
the silty black sand (Figure 8.10). These values decrease immediately above this layer. At a 
depth of 23-24 cm organic carbon content increases steadily upward through the core to reaching 

a maximum value of 11.0 % dry mass between 5-6 cm depth in the overlying uppermost sub- 

unit. 
Isocon diagrams (Grant, 1986; Cundy et al., 1997) successfully highlight the distinct 

geochemical compositional differences between the various sub units of this sequence (Figures 

4.44a and 4.44b). These graphical plots (shown in Figures 4.44a & b) clearly show that the 

uppermost lithological unit is significantly enriched in all elements apart from S03 (also as 
Sulphur). Some elements plot on or very close to the line of equal concentration including Si 

which is the major component of the entire sediment sequence. 'Ibis further supports the view 

that much detrital material is derived from catchment weathering and ongoing erosional activity 

around the head of the loch. The isocon plots also clearly demonstrate that the over and 
underlying sand units are chemically different to the black silty sand. However, the presence of 
organic lenses towards the base of the finer overlying sand indicates that the upper surface of the 
black silty sand unit may have experienced some erosion of material and incorporation of 
organic carbon into the basal section of this sub-unit. 

Linear regression correlation between the measured LOI and the various major element 
components reveals that organic carbon is predominately associated with S, P and Na. This 

reflects the influence of increasing sulphate abundance in the near-surface sediments, vegetative 

conditions and evapo-transpiration processes occurring on the less frequently flooded mature 

marsh surface. Organic matter does not appear to be associated with the key redox-sensitive 

elements Fc and Mn. There is also very limited association between organic matter and trace 
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metal components. Ibis leads to the conclusion that the increased concentration of metal species 

within the upper marsh peat is not significantly influenced by the rhizosphere and is not the 

product of complexation reactions with the organic coatings of Fe and Mn oxyhydroxides 
(Figure 7.23). There is no discernible association between organic material and the 

mineralogenic components of the marsh sediments inferred from the poor correlation obtained 

with Ti, Mg, Ca and Si down-core profiles (Figure 4.42). Correlation with Ti (as a proxy for 

mineralogenic input) reveals the close association with Ca and Mg which are major components 

of sea-water and here point to marine influence. Weaker associations are apparent with Fe and 
Mn which indicates that in part the distribution of Fe and Mn abundance is derived from detrital 

input as well as early diagenetic reactions. 
CONISS analysis of the geochernical data identifies three distinct chemozones from 

major and trace element raw data (Figures 4.40 & 4.43; summarized in Figures 8.11 & 8.12). 

The uppermost zone (LEt Q is fin-ther subdivided into two sub-zones. The lowermost zones 
(LEt A and LEt B) for both major and trace elements strongly reflect the visual stratigraphy and 

are a product of the differing lithological units identified in this core. Chemozone LEt CI 

represents the deposition of fine sand from 23-24 cm depth extending to the marsh surface and 

the transition from a sand flat environment into marsh peat. The near-surface chemozone (LEt 

C2 ) represents the increased deposition of Mn, Zn and in particular the halide elements 1, Br, 

and CI (see section 8.6.4 below). 

8.6.2: Diatom analysis of the Loch Etive core 

Diatom analysis of the Loch Etive core indicates that the black silty sand unit 
(corresponding to diatom zone LEt AD2) is predominately comprised of pennate oligohalobous 

taxa. These include Eunofiafallar, Navicula radiosa, Pinnularia microstauron and importantly 

the freshwater species Tabellariafloculosa. Significant breakage and fragmentation of many 

other large oligohalobous taxa has been observed within this deposit (identified from substantial 
fragments of Nilszchia, Pinnularia and Synedra species). Poor preservation of these taxa stongly 

suggests very rapid deposition of the black gilty sand unit with large pennate taxa being 

subjected to extensive communition resulting in the severe level of breakage and fragmentation 

evident in the prepared slides (Figure 4.45; summarized in Figure 8.11). 
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Chapter Eight 

A key consideration in the study of coastal sedimentary environments employing diatom 

analysis is the extent to which the inter-tidal environment under investigation has been 

influenced by autochthonous and allochthonous diatom valves (Vos and de Wolf, 1988; 1993). 

In the case of the black silty/sand unit, the predominance of freshwater species including 

Tabellaria flocculosa and those of the Cymbella, Eunotia, Naviculd and Pinnularia taxa 

certainly indicate that these are autochthonous on the basis of sedimentary/lithological structure 

as proposed by Vos and de Wolf (1993). However, these species are now incorporated into an 
inter-tidal sedimentary sequence therefore supporting the view that in terms of the evolution of 
the marsh stratigraphy these species are in fact allochthonous. The same logic can be applied to 

those marine/brackish epipsammic and epiphytic species (e. g. Cocconeis scutellum, Navicula 

direcla and Caloneis aemula) that are incorporated into the black silty/sand. These represent the 

transition of autochthonous taxa to those of the allochthonous classification owing to their 

removal from the preferred ecological conditions of sandy inter-tidal settings. 
Such conditions characterize the underlying coarse sands and gravels at the base of the 

core (diatom zone LEt ADI). However, this lower stratigraphical unit includes a complex 

signature of both mesohalobous species (e. g. 4cnanthes delicatuld and Pinnularia lundii var. 
baltica) with some marine/bracIdsh epiphytes (e. g. Cocconeis scutellum, Naviculd directa). 

Here these species are considered to be more representative of the autochthonous taxa. The 

presence of abundant oligohalobous species indicates the extent to which alloclithonous taxa 

influence the inter-tidal sand-flat environment as a result of freshwater mixing at the head of this 

fjord. 

At the base of the overlying finer sand (diatom zone LEt AD2) which grades into the 

upper coastal peat the decline in oligohalobous species is a function of elevational change 

relative to the tidal frame and the change in lithology. Allochthonous taxa persist due to 

continued supply of tidally-mixed bmckish water, however, the bulk of autochthonous diatoms 

include many of the mesohalobous species relative to the abundance of polylialobous and 

oligohalobous; valves (Figure 4.45). 

Within the upper coastal peat mesohalobous; taxa predominate up through the core to the 

near-surface layers (Diatom zones Cl-C3). These represent the bulk of the autochthonous 

species consisting of marine and brackish water epipsammic and epiphytic valves in the 

silty/sandy and relatively clay deficient marsh sediment. The upper surface (Diatom zone C4) 

represents the influx of allochthonous species of marinelbrackish taxa relative to mesohalobous; 
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valves derived from increased erosion of the lower inter-tidal environment. Comparison with the 
I and Br down-core geochemical profiles supports the relative species abundance change with 

more marinelbrackish species corresponding to enrichment of these sea-water elements in recent 
years (Cundy et aL, 2002). 

Within this marsh setting the epipsammic and epiphytic species fall into the 

tychoplanktonic classification of Vos and de Wolf (1993) being found in the both the sand/flat 

and upper coastal peat as a function of the generally silty/coarse substrate of these sediments. 
Ilese species help to interpret the more complex depositional history of the Loch Etive marsh 
being a sedimentary sequence describing overall marine transgression through time. The 

presence of marine (allochthonous) valves in the near-surface layers supports the general 
interpretaion from the study area of recent marine transgression relating to RSL rise in western 
Scotland (see below). 

8.6.3: Redox geochemistry 

The more variable stratigraphy recorded in the core from Loch Etive has exerted a 

pronounced effect upon redox-zonation. and the signature of early diagenetic reactions (Figure 

6.13) The use of geochemical data and diatom analysis have illustrated that this core contains a 

more complex depositional history than has been recorded in cores from the other three sites. 
Down-core prof i1cs of Fe and Mn both display relative depletion in the black silty sand 

unit, however, the distribution of these elements shows no real discemable evidence of peaks in 

element abundance relating to early diagenetic enrichment within the coastal peat. Ratio plots of 
redox-scnsitive trace elements further reveals a more complex diagenetic signature. The down- 

core profile of S/Cl shows a distinct zone of enrichment which corresponds to the black silty 

sand unit idcntif ied as being terrestrial in origin (section 8.63 above; Figure 8.12). The additional 

small peak in As/Al over the same depth interval indicates that enrichment within this 

stratigraphical unit is a product of actual element concentration rather than early diagenetic 

processes (Figure 6.16). Tbc I/Br ratio shows two distinct peaks at depths below 4041cm and 
immediately above 28-29 cm (Figure 8.12). Certainly the uppermost peak may reflect the base of 
the sub-oxic zone and with smaller peaks in As/Al and V/AI strongly supporting this argument 
(Figure 6.16). However, the basal peaks in I/Br and V/AI are not considered to be caused by 
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reduction of I and V owing to the complete exposure of sediments at this depth to oxidizing 
conditions for lengthy periods. Additionally, the generally coarse nature of the sediments 

underlying the true extent of coastal peat will have enhanced the removal of I and V to deeper 

depths where concentration in the solid-phase has then taken place. 
Sampling was undertaken over the spring tidal cycle and field observations clearly 

revealed that the surface was regularly flooded over this period. Further observations also 

revealed that during highest neap, tides the marsh surface was also exposed. It therefore becomes 

clear this core sequence is exposed to oxidizing conditions for much of the diurnal tidal cycle. 
Temporary reducing conditions in the upper sediment layers are only experienced for a limited 

few days over the spring tidal period. The combination of the variable stratigraphy and 

predominant exposure to oxic conditions would seem to have resulted in an inverted redox-zone 

which can sometimes become apparent in marsh sediments containing organic-rich buried peat 
layers (A. B. Cundy pers. comm. ). This geochemical phenomena provides a suitable explanation 
for the apparent redox zonation within this core. 

8.6.4: Core geochronology (21OPb and 
137 Cs dating) 

Measured 2 loPb,,, 
c,,. activity in the Loch Etive core closely approximates the theoretical 

decline in activity with increased depth (Wise, 1980; Appleby and Oldfield, 1992; Appleby, 

2002) despite the obvious visual and measured geochernical differences between the differing 

stratigraphical units (Figure 4.37 & Figure 8.13). Redox conditions within the core are also 

notably different (see previous section) with oxic and sub-oxic conditions predominating 

throughout the core profile. All the 2 loPb,,,,,,, activity above background levels used for dating is 

therefore concentrated within the oxic and sub-oxic sediments. The development of a distinct 

zone of reduced conditions in this sequence is highly problematic with no distinct peaks at depth 

indicative of metal sulphide formation and reduced conditions within the upper marsh sediments. 

Significant increased S content is however apparent in the black silty sand unit identified as a 

terrestrial (freshwater) deposit. Hence it is difficult to ascertain whether this peak is in fact the 

product of either diagentic post-depositional reactions or an artifact of deposition of S and 

organic-rich material from terrestrial sources. The latter scenario here may be the most probable 

explanation owing to a lack of S and anoxic conditions within the underlying coarse sand unit. 
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The presence of this organic-rich layer at depth would therefore appear to have influenced the 
development of an inverted redox profiles within these this sediment core (Figure 8.12). 

Down-core 21OPbe 
, xcm activity does not appear to be correlated with minor diagentic 

peaks in Fe, Mn or S. This provides useful evidence in helping to confirm the lack of diagenetic 

post-depositional influence on the 2 1OPb profile. 
An average calculated sediment accretion rate for the core derived from the simple 

model yields a figure of 4.0 mm yr-I (2 standard deviation range = 2.9-6.6 min yr-1). This is not 

an accurate reflection of the evolution true coastal marsh conditions owing to the differential 

stratigraphy. CRS model calculated dates reveal a more complex depositional history. A basal 

date obtained from the coarse sand at a depth of 50 cm. gives an age of 1872 AD (± 6 years) 

assuming a lack of physical disturbance which seems reasonable for the base of the sequence. 
The lower and upper contact with the black silty sand returns calculated ages of 1914 AD (± 4-5 

years) at both depth increments. Hence, the interpretation based upon age and depth of material 

is of very rapid (possibly instantaneous) deposition of the terrestrial sedimentary layer (11 cm 
depth) of which this sub-unit is comprised. Above this upper age/depth interval sediment 

accumulation returns to a lower value of 5 mm yr-1 which corresponds to the lower section (25- 

30 cm depth) of the overlying medium/fine sand unit (over the time period 1914 AD (± 4 years) 

- 1923 AD (: L 3 years). 
A significant increase in sediment accumulation is then recorded by the 2 'OPb model 

within the upper section of this fine sandy sub-unit with a sharp increase over the period 1923 

AD (± 3 years) to 1925 AD (± 4 years) with a recorded rate of c. 25 mm yr-1 (2 standard 

deviation range = 23.7 - 26.3 mm. yf 1). Here caution must be exercised in the interpretation of 

ages as a result of the calculated age error ranges. It is possible that the increase in sedimentation 

is the product of a single event and that the model is being forced by the apparent age difference. 

If this is indeed a single event, the reason for such an increase in sedimentation is unclear. This 

is unlikely to be the result of storm activity as this period of the Twentieth century is 

characterized by a distinct lack of significant storminess, inferred from the gale day frequency 

for northern Britain (Dawson et al., 2002; see section 8.8 below). Certainly the geochernical and 

diatom data point towards a distinct marine incursion over this period. At a depth of 20-21 cm 

the CRS model dates the inferred initiation of marsh conditions derived from the multi-proxy 

geochemical data at 1925 AD (± 4 years). Over the period 1925 AD (± 4years) to 1931 AD (± 3 

years) the rate of sediment is reduced with values of 6.6 mm yr-' (2 standard deviation range = 
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6.3-6.9 mm yf 1). This corresponds to a depth interval between 20-21 cm and 16-17 cm where 

the visual stratigraphy, LOI, dry density profiles and diatom data indicate the development of 
low marsh sediments. 

Sediment accumulation over the next circa 70 year period to 1995 AD (± <1 year) is, 

estimated by the CRS calculations to fluctuate between 1.5 mm yr" to 3.3 mm yr". As with the 

other three cores investigated in this study a very recent and significant increase in sedimentation 

rate estimated at between 6.2-7.5 mm yf 1 has been recorded over the last circa 4 years (see 

further discussion below). 

Measured 137Cs activity reveals two distinct peaks at depths corresponding to pre 1963 

AD weapons testing and the Chernobyl accident in this core. Here the CRS model calculations 

provide robust corroboration that these peaks can be attributed to these know marker horizons 

with ages of 1963 AD (± 2 years) and 1985 AD (± <I year) for the base of the upper activity 

peak. These dated horizons help to constrain further the inferred activity peaks evident in the 

other cores from the Argyll region. These marker horizons yield sedimentation rates of 2.4 min 

yf' and 2.9 nim, yr-1 for the lowermost and upper peaks respectively. These values are in good 

overall agreement with the estimated rates of accretion derived from 21OPb dating of the upper 

marsh section of the core. CIC model ages are less reliable and this is demonstrated in the 

graphical plots of cumulative dry mass versus age for the different models employed. Far better 

agreement is attained between the CRS model accumulated mass and the 13'Cs dating horizons 

(Figure 5.20 & Figure 8.14). Discrepancy between the CIC model accumulated mass may be due 

to the lack of 2'OPb material entering the marsh depositional system which, if the case, provides 

for much of the increased confidence in the predominance of atmospherically derived 2 loPb,,,, 

marsh depositional history. 

Importantly, in similarity to the upper near-surface sediments of the other cores studied 

from the Argyll region, a distinct difference in accumulated sediment dry mass is revealed by the 

137Cs dating activity marker horizons. Calculated dry mass accumulation here yields a value of 

0.34 g cm yf 1 for the lower 1963 AD peak and an increased figure of 0.45 g cm yr*1 for the 

1986 Chernobyl peak. This provides clear evidence that the Chernobyl dating marker is 

identifying the increased recent sedimentation now taking place on the marsh surface and that 

the "Pb estimations are real effects and not merely an artifact of the 2 1OPb calculation method. 

In direct contrast to the other sites, no 24 'Am has been detected in the marsh sediments 

from Loch Etive. This is due to activity levels within these sediments being below levels of 
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detection via ganima spectrometry. Some displacement Of 137CS is evident in the down-core 

activity profile from this marsh. Similar behaviour of 137Cs has been documented elsewhere 
(e. g. Evans et al., 1983; Davis et al., 1984; Anderson et al., 1987; Hunt and Kershaw, 1990; 

Short, 1995; Plater and Appleby, 2004). However, this does not appear to have been significant 

enough to compromise the position of the peaks in higher activity attributed to 1963 AD and the 
1986 AD Chernobyl accident. Despite the obvious displacement of some Cs, comparison with 
the data of Callaway et al. (1996b) strongly suggests that the peaks in this core used for dating 
horizons are in fact reliable. 

8.6.5: Element fluxes and marsh evolution 

The more complex stratigraphy of the Loch Etive core coupled with the differential rates 

of accretion resulting from the distinct stratigraphical variation renders comparison with the 

other three cores somewhat problematic if the entire core depth is considered. With this 

particular core more meaningful comparison with regard to marsh sedimentation processes is 

possible from in-depth analysis of the upper section above the black silty terrestrial unit i. e. the 

true extent of coastal peat development. 

Major and trace element flux calculations provide a more comprehensive overview of 

the depositional history when rates of sediment accretion have varied over time (Cundy et al., 
2003). Down-core profiles of calculated major and trace metal fluxes for the uppermost 30 cm 

of the core are shown in Figures 7.27a and Figure 7.27b. Major element flux profiles reveal a 
distinct zone of enrichment for all elements between 15-20 cm. This is only accompanied by a 

very slight peak in the Mn profile with no evidence of a concomitant zone of enrichment for that 

of Fe. The fact that the detrital elements Ti and K also show a distinct peak at the same depth 

provides clear evidence of the influence of mineralogenic input and indicates that the peaks in Fe 

and Mn are not soley due to diagenetic processes. Further evidence of increased deposition is 

recorded in the trace element flux profiles (Figure 7.27b), which display a similar large increase 

in deposition over the time-period circa 1927 AD - 1933 AD (CRS model derived ages). The 

influence of storm activity here cannot be discounted (see section 8.8 below). However, 

reference to the major element down-core profiles shows that, over this depth interval, Si 

abundance only increases slightly relative to Al and K. On the other hand Ti, Ca, P and Na 

values all increase which points to an increase in marine derived sedimentation and the influence 
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of marsh vegetation. Therefore, this period of rapid sediment accumulation is likely to represent 
the early development of coastal peat and colonization of the inter-tidal fine sand substrate by 

vegetation (e. g. Puccinellia maritima) and the formation of low saltmarsh conditions. This may 

also provide further evidence of the capability of Puccinellia maritima as a species which 

promotes rapid sedimentation and marsh development via the trapping of both coarse and fine 

material (Langlois et al., 2003). 'Me effect of this can be seen in the profiles of Y (Figure 8.10) 

and profiles of V and Nb (indicative of fine material) and Ce, La and Zr indicative of coarser- 

grained (heavier) clastic input. (Figures 4.40 & Figure 4.43). This adequately explains the visible 

presence of lenses of fine to medium sand also present within the depth interval with which these 

elements are intimately associated. Element fluxes are quite uniform over the period 1944 AD - 
1995 AD after which the flux calculations provide clear evidence of the rapid increase in 

sedimentation rate in the near-surface sediments (Figures 7.27a & 7.27b). 

Trace metal concentrations vary considerably within the Loch Etive core. Pb and As are 

relatively enriched within the black silty sand unit whilst Cr, Ni and Zn are significantly 
depleted. All metal concentrations are enriched within the marsh soil relative to this underlying 

unit however these values are all well below natural background values recorded from the 

surrounding catchment geology (Table 7.2). This indicates that the marshes here are not acting 

as significant sinks for material derived from natural weathering or marine detrital inputs. The 

only exception to this is the increased concentration of Mn resulting from ongoing marine 

erosion of the seaward edge of the marsh and formation of authigenic Mn oxyhydroxides in the 

near-surface sediments. 
Correlation with the distribution of Zn indicates that adsorption to Mn oxyhydoxides 

coatings is taking place which has not been seen in the other cores studied. The other trace 

metals are not influenced by the diagenetic recycling of Mn in the marsh sediments if this core. 
Pb and As are less strongly associated with organic matter and there appears to be little 

association between LOI and the other trace metals Cr, Ni and Zn. A very similar situation exists 

with regard to the behaviour of the halide elements I and Br. Neither of these trace elements 

seems to be influenced by physical or chemical association with organic matter although some 

weak scavenging of I by Fe oxyhydroxides has occurred. Bromination of Pb and As appears to 

be an active geochemical process but this is not influencing the distribution of Cr, Ni or Zn in 

the Loch Etive core. Adsorption of metals by the fine fraction appears to be the dominant 

process governing the distribution of these elements in the Loch Etive marshes. Therefore, the 
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fact that these sediments do not appear to be acting as a significant sink for metal species given 
the poor association with other sediment constituents reflects the low clay content of these 

marshes. 

8.7: Site interpretations 

Radiometric dating of marsh sediment sequences from the Argyll region coupled with 
detailed solid-phase geochemical analyses has revealed distinct differences regarding the 

evolution of the most recent phase of saltmarsh development at selected sites. The radionuclide 
("OPb and 137Cs) activity-decay curves coupled with solid phase major and trace element 
distributions show that physical disturbance has been minimal. Therefore, these sites are 

considered to represent robust sites with respect to the study of marsh sedimentation processes 

and relationship with historical and present-day sea-level movements. The strong correlation 

with indicators of the fine sediment fraction show that both radionuclides are significantly 

adsorbed to the clay mineral fraction and fine particulate material. Furthermore the generally 

oxic nature of the marsh sediments results in a lack of significant association with redox- 

sensitive major and trace elements and indicates that remobilzation owing to reduced conditions 
has been minimal. In the case Of 137CS some remobilization has occurred but this has not been 

significant enough to compromise the overall depositional record within the cores. 
The marsh at Loch Scridain on the western side of Mull is older than the other three 

sites. Marsh sedimentary conditions characterized by the various geochernical analyses have 

initially developed at a date beyond the most reliable extent to which the 2'OPb method can be 

extended back in historical time. Solid-phase geochemical data clearly shows that the marsh 

sediments have not experienced significant erosional or depositional events that compromise the 

depositional record of 2 loPbýýce 
., 

Despite the geographical location and orientation of Loch 

Scidain the influence of major storms upon the sedimentary history appears to be minimal (see 

section 8.8 below). This results entirely from the protection afforded by the surrounding 

mountainous topographic and constricted entrance to the inter-tidal marsh area due to the 

volcanic dyke intrusions that make up the Aird of Kinloch (Figure 4.4). This has formed a 

protective wall-like structure laterally traversing the head of Loch Scridain, delineating it from 

the inner area of Loch Beg and has provided a significant natural defence from storm activity. 
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Measured rates of sediment accretion indicate that the marsh has been accreting at 
between 0.9-1.3 mm yr-1 for most of the period for which 21OPb is reliable as a dating tool (i. e. 
the past 120-150 years). This model estimation is in very good agreement with the estimations of 
twentieth century sea-level rise (1.0 + 0.15 mm. yf 1) as proposed by Shennan and Woodworth 

(1992). This figure also compares favourably with the more recent estimations of Nakada and 
Inoue (in press) who derive an estimated figure of ca. 1.5 mm. yf' for twentieth century global 
sea-level rise (GSLR) from five stations around the Baltic sea and sites from Brest and San 
Francisco. As such, the high marsh environment at the head of Loch Scridain would appear to 
have attained the type of asymptotic relationship with twentieth century sea-level rise as 

proposed by the empirical work of Pethick (198 1) for the marshes of North Norfolk, UK. 
This apparent steady-state is likely to be severely compromised by the recent increase in 

sediment accretion now taking place on the marsh surface which is more than five times the 

estimated rate over the past century since ca. 1995 AD (see section 8.9 below). 

The marsh at Loch Don is extremely well protected from the influence of storm induced 

wave activity by nature of its topographical setting and orientation (Figure 4.13). It is difficult to 

envisage how storm activity could seriously affect marsh sedimentation processes at any time at 

this site other than by contributing to extreme high water or increasing tidal surge energy in 

conjunction with periods of low atmospheric pressure. 
21OPb dating suggests that marsh inception here has taken place at some point prior to 

1893 AD (± 5 years). Marsh accretion has proceeded with more rapid rates (average rate of 5.9 

mm yr-') characteristic of the low marsh environment inferred from the age/depth curve (Figure 

8.9) between 1893 AD (+- 5 years) and 1928 AD (± 2 years). This figure corresponds with a 

period of enhanced sediment accretion recorded in the Loch Etive core over a similar age/depth 
interval and in all probability represents the morphodynamic response to colonizing vegetation 
in a developing low marsh coupled with the influence of short-term marine incursion (French, 

1993). 

The apparent decline in sedimentation rate after 1928 AD (Figure 8.6) is interpreted as 

the transition from low to high (mature) marsh conditions with a reduced average to 1997 AD of 

2.6 mm yr-1. This figure is significantly higher than the estimated rate of twentieth century sea- 

level rise of 1.0 (± 0.15 mm yr-1, Shennan and Woodworth, 1992; and 1.5 mm yr", Nakada and 

Inoue, in press) and is in better agreement with the earlier estimation provided by Peltier and 

Tushingham (1989) of 2.4 ± 0.9 mm yr". Very recent rates of sediment accumulation have 
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increased dramatically at this site with current rates estimated from the 2'OPb model to be now in 

excess of 8 mm yf'with an estimated maximum of 10 mm, yf" (see section 8.9 below). This 

estimated increase is supported by the 137Cs results. 

In the core from Loch Creran marsh inception estimated from sediment age and 

geochemical analysis commenced at a time that pre-dates the capability of the "OPb model with 

an age sometime prior to 1849 AD at a depth above 40 cm. (Figure 8.9). The age/depth curve 
here identifies an inflection indicating an apparent increase in sediment accretion corresponding 

to 1907 AD at a depth of 25-26 cm. The reason for an increased rate of accumulation in the 

section of the modeled profile that relates to the mature marsh is not clear. A possible 

explanation may be due to the height of the underlying coarse substrate relative to the tidal frame 

which has affected the rate of sedimentation during the development of low (immature marsh) at 

th6 coring location. Alternatively, pre-existent elevation of underlying substrate relative to the 

tidal frame may have promoted the later development of mature marsh conditions. 

From the period 1907 AD (± 2 years) to 1995 (± <I year) the average rate of marsh 

accretion was 2.6 mm yf 1. This figure is in very close agreement with rates over a similar time 

period recorded in the Loch Don core, being in closer agreement with the global sea-level rise 

estimations of Peltier and Tushingham (1989). Very recent sedimentation on the marsh surface 

at Loch Creran has significantly increased above the rates of estimated 20th century sea-level 

rise (Shennan and Woodworth, 1992; Nakada and Inoue, in press). 

The sedimentary evolution of the Loch Etive core has been altogether more complex 

over the historical time-period. The basal coarse-grained sand represents an estuarine sa, nd/flat 

environment inferred from geochernical evidence and the recorded presence of predominately 

benthic marine/brackish epipsammic diatom taxa. The overlying black silty sand then represents 

the rapid deposition of a terrestrial deposit of differing source from the underlying and overlying 

units. This interpretation is inferred from the distinct geochemical composition (major and trace 

element data), the predominance of freshwater diatom taxa and the geochronology from samples 

at the base and top of the unit. Field observation at low tide revealed that this unit is quite 

extensive within the surrounding marsh and forms a distinct sedimentary deposit unlikely to 

have originated from direct human activity. The interpretation therefore is that this material has 

originated as either a landslide or a sudden flash flood deposit resulting in rapid (instantaneous) 

deposition over a substantial area of sand/flat environment prior to any development of coastal 
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peat. Ile exact cause of this movement of material is unknown but may be linked to 
deforestation activity prior to the planting of the nearby lower slopes within Glen Etive. 

Fine to medium sand has continued to be deposited post 1914 AD (± 4 years) with 

colonization by vegetation (Puccinellia maritima) initiating the development of marsh sediments 
by ca. 1923 AD (± 3 years). A very rapid period of marsh development then ensues with 

sedimentation rates ranging from 5.0 nun yf 1 to as much as 25 min yf 1 up to ca. 1931 AD (± 3 

years). The very high rate within this time-period is not recorded in the other cores studied. This 

may therefore be related to the influence of storm activity however, a coarsening of material is 

not recorded by the geochemistry and in particular the dry-bulk density over this time-period. 

Diatom analysis does indicate the predominance of marine/brackish taxa lending support for the 
influence of marine incursion over the interpreted low marsh environment (see section 8.6.4). 

From 1931 AD (± 3 years) sedimentation rates decline to an average value of 2.3 min yf 
for the ca. 64 year period interpreted here as a significant period of high (mature marsh) 

conditions. 'Ibis rate is still significantly above the estimations of 20'h century relative sea-level 

rise provided by Shennan and Woodworth (1992) and Nakada and Inoue (in press) but does 

correspond well with the earlier estimations of Peltier and Tushingham (1989). 

2 'OPb dating model estimations also reveal that the very recent rates of sediment 

accumulation over the last ca. 5 years or so have accelerated with a rate of between 6.2-7.5 mm 

yr-1 recorded in the near-surface sediments. This corresponds well with the age/depth interval in 

the other three cores across the study transect where a similar acceleration has also been 

recorded and is well in excess of the 20th century global sea-level rise estimations of Shennan 

and Woodworth (198 9) and Nakada and Inoue (in press). 
In all cores the historical rates of marsh accretion show distinct inflections in the 

age/depth curves. These may highlight a transition from low marsh with more rapidly 

accumulating sedimentary environments to mature (high marsh) settings with reduced 

sedimentation rates. Hence, -the evolution of these marshes may therefore conform to the 

empirical work of Pethick (198 1) with a declining rate of sediment accumulation as a function of 

increasing marsh elevation relative to the tidal frame (Allen, 1997). 

The Argyll marshes all exhibit characteristic transgressive morphological behaviour as 

a direct response to rising sea-level throughout most of the 20th century. Temporary increases in 

sedimentation rates identified by the CRS model dating may reflect inter-decadal variation in the 

rate of sea-level rise (French, 1993). Unfortunately, owing to the lack of longer-term tide-gauge 
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data direct comparison between the 2 1OPb incremental dates and decadal variation in relative sea- 
level has not proved possible for the purposes of this study. 

The distinct fluctuations in sedimentation rates over the last c. 70 years in the cores from 

Loch Don, Loch Creran and Loch Etive represent episodes of marsh 'catch-up' in response to 

periods of lower suspended sediment deposition. What does appear to be apparent is a general 

smoothing of sedimentation rates over the 50-70 year period of mature marsh development at 
these three sites. This kind of morphodynamic response has been previously recorded in the 

more organic marshes of Connecticut, USA, by McCaffrey and Thompson (1980). 

Very recent sediment accumulation now appears to be driven by a regional acceleration 

of mean sea-level as significant increases have been detected at all four sites which traverse 
known isobases for Holocene shoreline surfaces (Smith et al., 2002; Figure 4.2). The increased 

sedimentation does not appear to be influenced by the low rates of estimated current differential 

uplift across the study region (Firth and Stewart, 2000; Shennan and Horton, 2002). 
2 'OPb excess activity profiles, solid-phase geochemical evidence and elemental flux 

calculations all indicate that the source of increased material is derived from the active erosion 

of fronting low marsh areas at each site (see section 8.10 below). Recent acceleration in surface 
deposition therefore represents a de-coupling of the relationship between uplifting depositional 

surfaces and relative sea-level rise, which appears to have been in a state of quasi-equilibrium 

throughout much of the mid to late twentieth century. This is most likely due to the composition 

of the marsh sediment material. The low organic carbon and clay content of the marsh cores 

which contain larger quantities of silt and sand material may result in these sediments being 

highly sensitive to minor fluctuations in mean sea-level that occur as noise within the overall 

average trend. 
Marsh sedimentary'status as a function of the difference between rates of net vertical 

accretion and overall relative sea-level rise has been examined in a number of geographically 

contrasting areas (Stevenson et al., 1986,1988; French, 1993). This approach considers the 

sedimentary status (either accretion deficit or surplus) by plotting the calculated figure against 

tidal range (Stevenson et al., 1986). In so doing, the differences in marsh compositional 

variability in relation to tidal energy become more distinct (French, 1993; Figure 2.7). 

Using this approach sediment accretion data for the Argyll marshes are examined for the 

ca. 70 year period to ca. 1995 AD and for the recent period to 2000 AD -over which time 

significant acceleration in sediment accumulation is recorded (Figure 8.14a). In this diagram the 
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Figure 8.14a: Plot of accretionary balance (mean annual accretiOn-local sea-level 
rise) versus mean tidal range (after French, 1993). Included are data for the 
Argyll marshes for the ca. 70 year period to 1995 AD (red diamonds). The recent 
change in accretionay balance for the same marshes over the period 1995 AD to 
2000 AD (blue diamonds) based upon estimated relative sea-level rise for the 
region from Dawson et at (200 1 ). 
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data are presented as a function of marsh accretion minus the estimated rate of sea-level rise for 

the region during the twentieth century (derived from Shennan and Woodworth, 1992). 

Comparison with data from other geographical regions provides a useful indication of the 

sedimentary status of the Argyll marshes. For the circa 70 year period to 1995 AD the Argyll 

marshes maintain an accretionary surplus which is comparative to both the more organic-rich 
U. S coastal wetlands investigated by Stevenson et al. (1986) and the more mineralogenic 

marshes of North Norfolk, UK, (French, 1993), despite distinct inter-site tidal range variability. 
For the most recent period of enhanced sediment deposition the Argyll marshes exhibit a 

noticeable increase in accretionary surplus consistent with accelerated rates of sediment 

accumulation. 'Ibis provides further evidence to support earlier claims regarding the sensitivity 

of these mineralogenic sediments to recent coastal forcing (Figure 8.14a). 

The same diagram is further used to compare the recent accretionary status of the Argyll 

marshes with those of the Harnble estuary, southern Britain (Figure 8.14b; Cundy and Croudace, 

1996). This data reveals that the recent increase in accretionary surplus now taking place in the 

Argyll marshes is comparable to that obtained from the sedimentary, record of marsh 
development from central southern Britain. This strongly suggests that these marsh systems are 

now exhibiting very similar responses to coastal forcing despite the distinct differences in the 

accumulated sedimentary material (i. e. more clastic/mineralogenic in Argyll and more cohesive 
fine material within the Solent). These findings have significant implications for estimations of 

contemporary GIA, (see section 8.9 below). 

8.8: Influence of storms and the North Atlantic Oscillation (NOA) on marsh development. 

The influence of storms upon saltmarsh development is well documented in the 

literature (Andersen et al., 1992; French and Spencer, 1993; Guntenspergen, et al., 1995; Risi et 

al., 1995; Devoy, 1996; Wheeler et al., 1999; Smith, 2000). Following storm activity, increased 

quantities of coarse and suspended sediment can become deposited on the marsh surface leading 

to significant enhancement of sediment accretion rates over short periods of time. This is 

particularly true for high marsh environments (French and Spencer, 1993). 

In recent years speculation surrounding the frequency of North Atlantic storminess and 

linkages to the NAO index (either positive or negative) over historical time has led to an increase 

in the number of published investigations regarding the variability of the NAO index and 
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Figure 8.14b: Plot of accretionary balance (mean annual accretion-local sea-level 
rise) versus mean tidal range, (after French, 1993), for the current status of 
marshes ftom Argyll western Scotland in comparison to that derived from a 
transect or cores across marshes from the Hamble estuary, (Solent), Southern UK 
(Cundy & Croudace, 1995). 

Western Scotland: (blue diamonds) 

LS = Loch Scridain LD = Loch Don LC = Loch Creran LE = Loch Etive 
(Dominated by Puccineffia marilima) 

Hamble estuM (Solent), southem UK: marsh core transect: (light brown squares) 

I= Rear, landward edge of salt marsh, Spartina. 

2= Mid-marsh area, Halimone portulacoides. 
3= Seaward edge of marsh mound, Halimone portulacoides. 

5= Mid-marsh mound, Halimone portulacoides. 
7= Centre of Spartina/ Halimone portulacoides mound. 
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recorded storm activity. From these investigations, the study by Dawson et al., (2002) proves a 

useful tool with which to assess the likely significance of storm frequency and possible influence 

of NAO variability on marsh development. In this study the authors have developed a gale-day 
frequency f6i winter months between October and March for the latter part of the nineteenth 

century and extending up to the end of the twentieth century. Sites around the Scottish coastline 

used in the study include Lerwick (Shetland Isles), Stornoway (Outer Hebrides) and Belmullet 

on the western Irish coast (Figure 8.15 & Figure 8.16). 

The data from all stations clearly defines an increased period of storminess (increased 

frequency of gale-days) at the end of the 190' century (Figure 8.15) extending from the 

commencement of recorded data in 1884 AD into the early part of the 20t, century. This may 

well coincide with the period during which marsh initiation has taken place in the cores from 

Loch Don, Loch Creran and Loch Etive, although this cannot be proven definitively. Marine 

incursion has been implemented as a causal mechanism for marsh development from mud/sand 
flats (French, 1993). 'Merefore it is highly probable that the marshes at Loch Don and Loch 

Creran may have become established through the effect of enhanced sedimentation during this 

period extending up to ca. 1920 AD (Figure 8.15). However, in the case of Loch Etive, the 

period of increased sedimentation that preceeds marsh development at ca. 1925 AD (± 4 years) 

corresponds to a distinct period of low frequency gale-days recorded in the station data, 

particularly that from Stornoway (Figure 8.17). This suggests that an alternative marine 

mechanism to storm activity may be responsible for the marine incursion evident at this time at 

the head of the fjord. At Loch Scridain saltmarsh sediments were already well established with 

relatively higher rates of sediment accumulation (inferred from the 21OPb dating models) 

occurring prior to 1884 AD which may be the result of similar gale-frequency days during the 

mid nineteenth century for which there is little reliable data. 

As previously mentioned the likelihood of storms directly influencing the upper inter- 

tidal area at Loch Don is less certain. However, the effect upon tidal current velocities as a result 

of increased wave height due to storm activity and tidal surges corresponding to stonn periods 

may have resulted in enhanced levels of suspended sediment being transported into the upper 

estuary area. Therefore it is highly probable that increased suspended sediment concentrations 

transported to upper inter-tidal areas have been responsible for marsh development at Loch Don 

and Loch Creran. 
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Figure 8.15: Gale-day frequency for the north-east Atlantic from recording stations at 
Stornoway (Outer Hebrides), Lerwick (Shetland Islands) and Belmullet (western Ireland). 
Values are calculated as winter period months October to March inclusive (source: 
Dawson et al., 2002). 
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Figure 8.16: A) Gale-day frequencies for Stornoway (winter 1884 AD to 1996 AD) 
with LOWESS smoothed curve and B) Comparison of Stornoway and Lerwick gale- 
day frequencies (LOWESS smoothed), from winter 1903 AD to 1995 AD. 
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The gale-day frequency data from Stornoway can further be used as a proxy for storm 

activity in western Scotland for the period extending from the late 1920s to the end of the last 

century. Following the exceptionally low period of storm activity that characterises the period 
from ca. 1910 AD to 1929 AD, the Stomoway record of gale-days is one of low frequency and 

greater inter-annual variability throughout (Dawson et al., 2002) with a moderately higher 

frequency of gale-days occurring in the period ca. 1931 AD to 1952 AD (Figure 8.16). In the 

cores from sites on Mull there is no evidence to suggest that this mid-20'h century increase in 

gale-day frequencies has influenced a concomitant increase in marsh sedimentation rates over 
this period. The higher rates of sediment accumulation over this period in the Loch Creran core 

may well be influenced by enhanced suspended sediment concentrations. Solid-phase 

geochernical profiles of major and trace elements do not record significant increased inputs of 

coarser material over this time period. However, support for this argument is gleaned from the 

major and trace metal flux profiles from Loch Creran which shows enhanced flux to the marsh 

surface over the period ca. 1945 AD to ca. 1957 AD suggesting that storm activity may have 

increased suspended sediment fluxes over this time assuming accommodation space was 

provided by continuing Twentieth century sea-level rise. No further evidence exists in any of the 

four cores for enhanced sediment accumulation during this mid-twentieth century period of 

relatively higher gale-day frequencies (Figure 8.16). 

During the latter half of the last century the gale-day frequency from the Stomoway 

record shows a significant and continuous decrease to the early 1980s with only a moderate rise 

in frequency corresponding to increased North Atlantic storminess recorded in the data from 

Belmullet and Lerwick (Figure 8.15). There is no evidence to suggest that any of the four marsh 

cores have experienced higher rates of sedimentation during this period. Such findings are a 
direct consequence of individual marsh settings and surrounding topography coupled with the 

fact that at this stage in their evolution all cores surfaces had already attained maturity relative to 

the tidal frame. Dawson et al. (2002) further highlight that there appears to be little in the way of 

correlation between NAO index and storm frequencies for the North Atlantic. 'Ibis is further 

emphasized in the graphical plots of gale-day frequency with NAO index for the Stornoway and 

Belmullet stations over the period 1983 AD to 1996 AD (Figure 8.17). Hence there appears to be 

no discernible link between NAO index and rates of marsh sedimentation within the four sites 

studied in the Argyll region. 
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Figure 8.17: Comparison of gale-day frequency with NOA Index for the latter part of the last 
century (1993-1996 October to March) from a) Storrioway, Outer Hebrides and b) Belmullet, 
Western Ireland. (Blue line represents gale-day frequency/year; black dashed line represents NOA 
Index). 
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8.9: Implications for glacio-isostatic modelling 

Significant effort has been focused upon evaluation of Holocene land- and sea-level 

changes resulting from the glacio-isostatic adjustment (GIA) of the UK landmass following the 

retreat of Devensian ice (e. g. Shennan 1989; Smith, 2002: Shennan and Horton 2002 and 

references therein). The wealth of different approaches employed by the vast number of authors 
involved with such investigations (see review in Chapter One of this thesis) has resulted in a 

comprehensive high quality data set covering much of Great Britain. This has proved attractive 

to workers focussing effort on modeling Late Devensian and Holocene GIA processes (e. g. 
Larnbeck, 1995; Peltier, 1998; Peltier et al., 2002). Shennan and Horton (2002) highlight the 

general improvements of the modeling approach in recent years. However, despite significant 

advances in predicting present relative sea-level (RSL) changes around Great Britain the 

modelling approach still suffers from disagreements with observed (RSL) data. Ibis is 

particularly true for Scotland where refinement of estimated rates of crustal uplift has resulted 
from the analyses of RSL data in Shennan, (1989) and by Shennan and Horton (2002) with that 

of Firth and Stewart (2000). The most recent estimations from Shennan and Horton (2002) are 

shown in Figure 8.18. 

Importantly, all these rheological-based models indicate that crustal uplift is ongoing 

(e. g. Shennan, 1989; Shennan and Woodworth, 1992; Lambeck, 1995; Peltier, 1998; Shennan 

and Horton, 2000; Peltier et al., 2002). A key point with regard to these estimations is that the 

geophysical models are largely based upon extrapolations derived from the youngest Holocene 

date from any particular site. Such analyses therefore really represent a first estimate with regard 

to present day/recent geodynamics within western Scotland (see critiques in Firth and Stewart, 

2000; Stewart et al., 2000) and are maximum possible values as highlighted in the earlier 

analysis. by Shennan (1989). 

There are virtually no data in the published literature pertaining to RSL movements 

derived from empirical studies of contemporary/historical lowland coastal depositional settings 

(e. g. saltmarshes) from either the east or the west coast of Scotland. Some observational data do 

exist in the form of morphological studies relating to other types of coastal landforms (e. g. sand 

beaches, and spits), (e. g. Firth et al., 1995; Comber, 1995; Hansom, 2001). These are now 

considered to be actively responding to the influence of rising sea-levels. Studies from lowland 

coastal marsh settings are noticeably absent in the literature. 
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Tide-gauge data of suitable duration to ascertain reliable trends around the Scottish 

mainland are also relatively sparse in comparison to other parts of Britain (e. g. the English coast 

and parts of Northern Europe). In the review by Shennan and Woodworth (1992) a comparison 

of secular trends in relative sea-level throughout the twentieth century has been undertaken with 
data derived from Late Holocene geological observations. These authors identify a good 

correlation between the two data sets and highlight a relative sea-level rise of ca. 1.0 ± 0.15 mm 
yf 1 which they state can be taken to represent the overall twentieth century RSL rise for the 

region. In their study data for the Scottish coast is derived from Aberdeen and Dunbar situated 

on the east coast with no data available for incorporation in the analysis from the west coast. 
As a consequence, the study by Shennan and Woodworth (1992) provides the most 

reliable estimation of RSL rise throughout the twentieth century (1.0 ± 0.15 min yr-1; see above). 
However, Shennan and Woodworth argue that their figure is consistent with earlier estimations 
(e. g. Gornitz and Lebedeff, 1987; Peltier and Tushingham, 1989; Trupin & Wahr, 1990). Only 

recently has this been the subject of an extended review by Nakada and Inoue (in press) with 

their estimated rate of 1.5 mm yr-1, see above). 

In the absence of reliable tide-gauge data from the west coast, radiometric dating of 

Late Holocene (recent) inter-tidal mature marsh sediments undertaken in this study therefore 

provides a modem test and comparison of the RSL rise model predictions. Importantly, 

calculated rates of sediment accretion are only a useful comparison with historical trends in RSL 

rise analysed from high (mature) marsh settings (Pethick, 1981; Cundy and Croudace, 1995; 

Allen, 1997). Therefore, data used for comparative purposes here is that obtained from the 

calculated section of the age/depth curves that relates to high marsh inter-tidal conditions from 

each site (see previous section above). 
The close agreement between the estimated RSL rise of Shennan and Woodworth 

(1992), (1.0 ± 0.15 mm. yr-1) and the average rate of sediment accretion measured in the Loch 

Scridain marsh core (1.1 mm yf') indicates a steady state equilibrium throughout the 20ffi 

century to 1995 AD between marsh accretion and regional RSL rise. 
On the south-east of Mull at Loch Don sediment accumulation has proceeded at an 

average rate of 2.6 mm yf 1 for the ca. 70 year period to 1997 AD. At Loch Creran the same rate 

of accumulation is recorded over an almost identical ca. 70 year period. These rates are 

significantly above the regional RSL rise suggested by Shennan and Woodworth (1992) and 

Nakada and Inoue (in press) and are more closely related to the earlier estimations of Peltier and 
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Tushingham (1989). Similarly, sedimentation in the core from Loch Etive corresponding to 

mature marsh conditions is in closer agreement with the higher estimations of Peltier and 
Tushingham (1989) with a rate of 2.3 mm yf 1 over the last ca. 60 years. 

Apart from the Loch Scridain core, the other three cores all show comparatively elevated 

rates of sediment accumulation (above the regional RSL rise estimations) over the ca. 60-70 year 

period corresponding to inferred mature marsh settings. An exact explanation for this is not 

straightforward. 'Mis may indicate that the marshes here are yet to achieve equilibrium with 

relative sea-level movements. Alternatively, increased suspended sediment concentrations may 
be higher within the Loch Don estuary and the Loch Creran and Loch Etive inter-tidal areas. 
This would then provide a mechanism for the deposition of elevated levels of sediment on the 

marsh surface over the spring tidal cycle. French (1993), identifies a local relative accumulation 

rate in the marshes of North Norfolk UK of 2 mm yr-1 under a scenario of eustatic sea-level rise 

of between 0.9-1.1 mm. yr-1, with these estimations taken from earlier studies (e. g. M6mer, 1973; 

Pirazzoli, 1998). This includes an ongoing crustal subsidence of ca. I mm yf I for the east coast 

of England (Shennan, 1989). Here, the comparison between the more clastic marshes of Argyll 

and those of the Norfolk coast is striking when consideration is given to the current estimated 

differential crustal response of these geographical regions of Britian. 

An alternative, and at this stage speculative, mechanism that could enhance sediment 

accretion at these sites may result if extrapolated Late Holocene estimations of current crustal 

uplift for western Scotland are far less than the current maximum estimations of Shennan and 

Horton, 2000). These rates are depicted in Figure 8.18. Firth and Stewart (2000) highlight the 

more likely ongoing rates derived from reassessment of the post-glacial exponýntial decline in 

GIA undertaken by Smith et al., (1993) and Firth et al., (1997). These authors propose a 

minimum calculated rate of between 0.2-1.0 ± 0.1 MM 14C Yr -1 which may better explain the 

increase in marsh accretion identified across the Firth of Lome and at the Loch Etive site. 

The idea that crustal uplift could have now ceased has not received much scientific 

credence other than the conceptual models which describe the decline in altitude of the 

peripheral fore-bulge and movement towards the centre of former maximum ice thickness during 

GIA (Gray, 1974; Nikonov, 1980). The concept of crustal down-warping and/or down faulting 

around the western margin of highland Britain as a mechanism to explain Tertiary and 

Quaternary relief has previously been suggested (e. g. Linton, 195 1). In the third part of a trilogy 

addressing the relief of the British Isles, Clayton and Shamoon (1999) highlight evidence from 
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their newly developed mapping methodology (see Clayton and Shamoon, 1998a & 1998b). This 

study strongly suggests that this concept should be taken seriously. However, this work does 

focus upon the longer-term evolution of relief within the British Isles and largely ignores the 

effect of Late Quaternary glaciations and GIA processes. Nevertheless, in the absence of 

significant Late Quaternary neotectonic activity (Johnston et al., 1999) such a mechanism may 

contribute to the more complex geodynamic setting around the western Scottish mainland as 

suggested by the combination of these various lines of enquiry coupled with existing uplift 

scenarios and the results from coastal wetland sedimentary dynamics obtained from this study. 
An important point to emphasize here is that there does appear to be a state of 

equilibrium between marsh evolution and estimated sea-level rise recorded in the Loch Scridain 

core sediments on western Mull which strongly implies crustal stability with no down-warping. 

Throughout the twentieth century record of deposition in the core there appears to be no 
discernable increase in sedimentation over the high (mature) marsh age/depth that might be 

associated with crustal subsidence on the west of Mull. The situation across the Firth of Lome is 

more complicated and whether the increased rate of sedimentation is actually linked to a hitherto 

unconsidered phenomena or results simply as a response to increased suspended sediment 

concentrations at these sites remains to be answered. 
An important finding here is the distinct similarity between the accretionary status of the 

Argyll marshes and those from the Hamble estuary, central southern Britain. This suggests that 

both systems are responding to coastal forcing in terms of net accretionary surplus. However, 

mass accumulation rates may differ owing to the differential densities of the material being 

deposited at each site (see section 8.7). The inference made here is that current rates of crustal 

uplift in western Scotland may now be extremely low or may in fact have ceased. 
A definitive resolution to this question may only be possible with the deployment of 

global positioning systems linked to tidal gauge stations (e. g. Ashkenazi et al., 1997). Initial data 

from this work is now beginning to be introduced and although of short duration does seem to 

support recent estimations (e. g. Shennan and Woodworth, 1992; Shennan and Horton, 2002 and 

Nakada and Inoue, in press) for the data derived from GPS monitoring at Aberdeen (Terfele et 

al., in press). 
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8.10: Recent marsh accretion implications for future coastal management 

In the study by Pethick (1999), statistical analysis of Holocene RSL changes from north- 

west Scotland is combined with 1993 Intergovernmental Pannel on Climate Change (IPCC) 

predictions for future globýl sea-level rise to 2050AD (Figure 8.19). This analysis predicts that a 

significant change in RSL tendency will be experienced around the western Scottish coast at the 

end of the Twentieth/beginning of the Twenty-first century with estimations of near-future 

average sea-level rise of -4 mm yf 1 over the next half century (Figure 8.19 d). More recent 

predictions derived from improved models of predicted global sea-level rise now give average 

estimations of 4.3 mm. yf 1 to 2100 AD (IPCC, 200 1). The predicted change in relative sea-level 
direction outlined in Pethick (1999) is complimented by the study of Dawson et al. (2001). 

These authors highlight the fact that most tide-gauge stations around the Scottish coast including 

some more modem stations not used for 20th century relative sea-level predictions are now 

recording a relative sea-level rise. Although not utilized in the longer-term tidal data analyses of 
Shennan and Woodworth (1992) and Shennan and Horton (2002), two stations on the west coast 

provide data that is intriguing. Firstly, the station at Ullapool in the north-west provides data 

covering a 16 year period of reduced local reference estimations (Figure 8.19). This indicates a 
local relative sea-level rise of 3.16 ± 2.36 mm yr-1 (data from Permanent Service for Mean 

SeaLevel (PMSL), Proudman Oceanographic Laboratories). Secondly, and more controversial 
is the data obtained from the recent implementation of a tide-gauge at Port Ellen on the Isle of 

Islay. Here a very short duration data set (< 10 years) suggests a RSL rise of 3.54 ± 2.3 6 nun yf 1 

(data from PSMSL, Proudman Oceanographic Laboratories). Obviously, these data are to be 

treated with caution in light of the short time series and large error estimations resulting from 

noise associated with short-term measurements. Dawson et al. (2001) have defined four distinct 

zones around the Scottish coast that have been experiencing variable trends in relative sea -level 

as a result of the twentieth century estimations and differential crustal uplift of the Scottish 

mainland (Figure 8.20). These averaged estimations are seen to alter significantly in the 

estimated scenario to 2050 AD by these authors. Of major importance here is the relative 

position of the marsh sites investigated in this study relative to the zones defined by Dawson et 

al. (2001) (Figure 8.20). The marsh at the head of Loch Scridain is situated approximately on the 

border of zones I and II where relative sea-level is predicted to have been falling or where 

present RSL change is uncertain (Figure 8.20). Rates of sediment accretion over much of the 
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Figure 8.19: Analysis of past relative sea-level changes with IPCC projected increases for the 
region of western Scotland (source: Pethick, 1999). 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 (Warrick, 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 (After Pethick, 1999; see discussion in 
text relating to recent findings of the present study). 
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past century (to 1995 AD) from this core indicate that the marsh has been able to keep pace with 
RSL rise making this site more compatible with zone III of Dawson et al. (2001). Data from the 

other three sites for the last ca. 70 years to 1995 AD suggest a RSL rise of greater magnitude for 

sites within the Firth of Lome and Loch Etive than that proposed by Shennan and Woodworth 

(1992), Shennan and Horton (2002) and depicted in Dawson et al. (2001), in their zone I. 

Recent findings suggest that the entire region is now experiencing sedimentation rates more 

comparable to the predicted increase in RSL rise proposed by Pethick (1999) and that the 

predicted rates for western Scotland from Dawson et al. (2001) are now being exceeded at all 

sites across the study transect. Observational data supports this notion with extensive marsh 

erosion evident at each site (Figures 8.21 - 8.23). Communication with local landowners around 

the site areas also points to more landward marine incursion during recent years. A summary of 

the various line of evidence supporting the hypothesis of recent relative sea-level rise is 

presented in Table 8.1. This includes evidence from radiometric dating, soild-phase 

geochemistry, microfossil analysis and additional observational data derived from field site 
investigation. Additional observational data and air photographic evidence are presented in 

Appendix 7. This is also supported by the reports of Firth et al. (2000 & 2002), where field 

evidence of ongoing frontal marsh erosion in the Solway Firth and Firth of Clyde is presented. 

An important finding of the research relates directly to the proposed morphodynamic response of 

marshes to rising sea-levels as proposed by several workers (e. g. Pethick, 1981; Reed, 1990, 

1995; Pethick, 1992; French, 1993; Allen, 1997). The accepted view derived from such studies, 

is that under a steady marine transgression the long-term morphological response of the marsh is 

to migrate landwards relative to the tidal frame. Comparison of the determined rates of accretion 

throughout the twentieth century with estimated rates of RSL rise obtained from tide-gauge data 

(Sherman and Woodworth, 1992) strongly suggest that the Argyll marshes have responded in a 

comparative way throughout much of the time-period governing the evolution of these 

sedimentary sequences. 
Currently, the Argyll marshes do not appelflo be conforming to this projected response. 

Evidence has been presented which highlights the significant increase in marsh sediment 

accretion in all four sites and the widespread active erosion of the lower marsh environment at 

all the sites studied. This would appear to currently involve the rapid removal of material from 

the frontal low marsh environment in response to a regional acceleration of relative sea level 
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Figure: 8.21: Views looking a) south-west and b) south-eastward showing active marsh 
erosion within the low-marsh area at Loch Scridain, western Isle of Mull. 
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Figure 8.22: Active marsh erosion at a) Outer Loch Don close to the Gorten Farm peninsula 
and b) the seaward edge of fronting marsh at Loch Creran 
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rise. The morphological adjustment currently taking place (highlighted in Figures 8.22,8.23 and 
8.24) may be enhanced by the less cohesive nature of these sediments in comparison to more 

southerly coastal wetlands. Adaptation of these marshes in response to changing hydrologic 

conditions is currently resulting in significant morphological alteration to the low marsh 

environment, which appears to be reverting to sand/mudflat with widespread remnant marsh 

tussocks evident at all site. These show evidence of active tidal-scouring signifying the 

predominance of tidal energy as opposed to incident wave energy in this process. Between the 

remnant tussock marsh morphology there is little evidence to suggest that new pioneer (low 

marsh) environments are forming. 

As such, the marshes of Argyll display a morphological response to accelerated regional 

sea-level rise that deviates somewhat from the standard models of marsh migration documented 

in previous studies (Pethick, 1981; Stevenson et al., 1986; Reed, 1990,1995; Pethick, 1992; 

French, 1993; Cahoon and Reed, 1995; Allen, 1997). 

Active erosion of the Argyll marshes may not have yet received the full attention of 

coastal managers within western Scotland as suggested by Pethick (1999). The current 

acceleration of regional RSL rise presents serious challenges for future coastal management 

strategies regarding the potential adjustment of lowland coastal habitats and archaeological 

preservation. 
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9.1: Conclusions of the study 

Radiometric dating using 21 OPb provides a robust method for establishing models of 

marsh sedimentary evolution within the coastal wetlands of Argyll, western Scotland. The 

determination of activity peaks in 137Cs resulting from known periods of anthropogenic 

environmental discharges (e. g. pre-1963 AD above-ground weapons testing and the 1986 

AD Chernobyl accident) provides an independent dating method with which to compare 
2'oPb derived sediment accumulation rates. Despite the detection of measurable 137Cs and 

24'Am activity at depths within the four cores that pre-date the onset of anthropogenic 

discharges, peaks in 137Cs are well preserved. Remobilization Of 137CS and 24'Am has 

occurred in these sediments (see Chapter Five). However, this has not displaced the position 

of activity peaks of these radionuclides used for dating purposes 

In the core from Loch Scridain the peak in 24'Am activity attributed to 1963 AD 

provides a better marker horizon with which to identify the likely position of the 137cS 

activity peak associated with weapons fallout. This is not immediately obvious in the 137cS 

activity profile from this site due masking of the weapons fallout signature by input from 

Sellafield discharges. 

In the cores from Loch Don, Loch Creran and Loch Etive, good general agreement is 

obtained between the CIC and CRS models which clearly identify the presence of 137Cs and 
24'Am at age/depths that pre-date the onset of anthropogenic inputs. In the cores from 

mainland Argyll the CRS' age model clearly provides more accurate constraints upon 

artificial activity marker horizons. In the case of the core from Loch Don, the activity peak 

associated with pre-1963 AD weapons-test fallout is better constrained by the CIC model 

with the 1986 Chernobyl peak being more accurately determined via the CRS model. 
2MPb flux calculations give improved insight regarding the robustness of the dating 

models. In all cores the 21OPb decay-corrected flux is in good general agreement with studies 

undertaken elsewhere (see Table 5.8) for much of the core depth analysed. This supports the 

use of the CRS model as the more appropriate dating model with atmospheric derived 2'OPb 

being the dominant source to the marsh surfaces. 'Me apparent increase in 21 OPb flux 

recorded in the near-surface layer of the cores may now be compromising the dominance of 

atmospheric inputs with a current component of detrital delivery to the marsh surfaces. 
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The highly oxidized conditions throughout most of the core depths enhances the 

preservation of the depositional record as these sediments are flooded less frequently by tidal 

inundation thereby promoting the dominance of oxic conditions (see below). 

Analysis of the solid-phase geochemical constituents of the four cores reveals that 

these marshes consist of highly mineralogenic material that has a complex poly-genetic 

origin at each site owing to the surrounding geology and Quaternary climatic history of the 

region. Organic carbon content (via LOI 550*Q is generally low (< 12 wt % at all sites). 

This is due in part to. the prevailing climatic conditions, the nature of marsh sedimentary 

material and relatively poor diversity of the marsh vegetation at the four sites which are 
dominated by Puccinellia maritima in mature marsh settings. Little association between 

radionuclides and organic matter is evident in any of the marsh sequences. 
Redox zonation in the cores reveals that oxic conditions prevail throughout much of 

the total depth of these sequences and that the formation of sulphidic conditions with 

associated formation of metal sulphides in highly anoxic sediments is not well established in 

all cores. As a result the entire inventory of 21OPb 
....... and 137Cs activity is present within the 

oxidized sediments thereby minimizing the extent to which reducing conditions are effective 

in remobilization of the depositional record of these radionuclides. 

Modeled rates of sediment accretion in the lower marsh settings'suggest that marsh 

initiation may in part be due to short-term marine incursions during latter part of the 

nineteenth century. Over this time-period storm activity (derived from the proxy 

measurement of gale-day frequencies) was significantly enhanced relative to the record from 

the twentieth century. The significant marine incursion recorded in the cores from Loch Don 

and Loch Etive as an increase in sedimentation rates and geochernical fluxes of elements 

over a short time-scale during the mid to late 1920s IS not fully understood. This period 

corresponds to an unprecedented period of low storm activity over the last ca. 120 years. In 

light of this a hitherto unconsidered mechanism must be sought to provide an explanation. 

Distinct inflections in the modelled ageldepth curves represent a transitional period 

in marsh evolution from low (immature) to high (mature) conditions as predicted in the 

published literature. These latter periods are characterized by overall marsh stability at all 

sites with reduced average sediment accumulation over the ca. 70 year period corresponding 

to this gradient change relative to that recorded in the lower sections of all cores. 

Fluctuations in mature marsh sedimentation rates may represent periods of marsh 'catch-up' 

following a period during which suspended sediment concentrations were reduced. 

Rates of recorded sedimentation across the study transect vary considerably with a 

state of quasi-equilibrium (asymptotic) conditions evident in the marsh at Loch Scridain on 

the west of Mull. Within the Firth of Lome differential marsh sites at Loch Don and Loch 
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Creran record a near-identical record of sediment accretion that is greater than twice the 

estimated rate of regional RSL rise for the region. A similar but slightly reduced rate of 

sediment accretion is also recorded from the marsh sediments at the head of Loch Etive. 

These increased rates of accretion may reflect enhanced suspended sediment concentrations 

at these sites over a sustained period during the twentieth century and therefore the response 

of these particular inter-tidal environments to coastal forcing. 

However, all the marsh cores record a period of sedimentary evolution during which 

the marshes have been able to keep pace with the estimated rates of twentieth century sea- 
level rise. Detailed examination of the Loch Etive core using diatom analysis to support the 

radiometric dating and geochemical techniques confirms the interpretation of these 

sequences as being representative of a near steady-state marine transgressive phase through 

out much of the twentieth century. 
Very recent increases in the rates of sediment accretion strongly suggest the 

influence of a regional coastal forcing mechanism, which corresponds to a previously 

predicted reversal and increase in the rate of RSL rise for the coastline of western Scotland at 

the end of the twentieth century. This is now manifest in a transition from relatively stable 

marsh depositional conditions to what appears to be a rapid marine transgression across the 

study region. 
Much of this material is being derived from active erosion of the fronting low marsh 

environments at each site. The predominantly silty/sandy substrate of the sediments with low 

organic carbon content renders these marshes highly susceptible to coastal forcing as 

material is more easily removed by tidal currents and incident wave activity. This has 

implications for contaminant remobilisation within lowland coastal settings around the 

western coast. Comparison of the solid-phase geochemical data and background catchment 

concentrations reveal low (often below background) levels of metal concentrations. This 

supports the general viewpoint that these coastal inter-tidal settings represent near-pristine 

environments with no evidence of anthropogenically derived metal concentrations. 

However, these marshes do contain significant quantities of the artificial 

radionuclide 137Cs derived from a combination of pre-1963 AD above-ground weapons 

testing, Sellafield discharges and the 
. 
1986 AD Chernobyl accident. Erosion of marsh 

sediments therefore has the potential to re-introduce 137CS into the tidal prism thereby 

facilitating redistribution within western Scottish lowland coastal environments. 

The recent response of marsh environments within western Scotland will require 

continued monitoring to assess the future morphodynamic response of valuable lowland 

coastal habitats under a scenario of continued rapid regional RSL rise. Management 
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strategies may be required that address the likely future reduction of valuable and 

ecologically important lowland coastal habitats within western Scotland. 

9.2 Unanswered questions 

The marshes investigated in this study are all situated within topographic settings 

which provide extremely sheltered conditions for marsh development. This research has not 
focused attention towards more exposed sites which are plentiful around the west coast of 
Scotland. Marshes that have developed in such settings may have responded to historical 

sea-level movements in a different manner and are likely to be even more susceptible to 

coastal forcing and storm activity. 
The higher rates of sedimentation recorded from the marshes within the Firth of 

Lome and at Loch Etive greatly exceed those from Loch Scridain which is in good 

agreement with the published estimations of twentieth century RSL rise for NW Europe. 

This raises further questions with regard to present 
* -day rates of crustal uplift at sites in closer 

proximity to the inferred centre of maximum GIA. If the increased rates of sedimentation on 

these marshes are in fact the product of greater suspended sediment concentrations reaching 

the evolving marsh surfaces then extension of the research undertaken in this thesis is 

required to ascertain whether or not this is the case. If this proves to be unsubstantiated then 

a definitive answer may only be realized through the deployment of Global Positioning 

Systems situated in close proximity to the existing (thus far short-term) tide gauge stations 

around the western Scottish coastline. The stations at Ullapool and Port Ellen may therefore 

be good candidates for such work and this may be enhanced by the study of marshes also 

situated in close proximity to these tide gauge stations. 
In light of the findings of this research continued monitoring of coastal wetlands 

with regard to the apparent rapid response to increased relative sea-level rise, now causing 

significant erosion and redistribution of material, is an urgent requirement. 
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A PPENDIX 1.1 

APPENDIX 1.1: Detail of 21 OPb dating method using the proxy method of 210po 

determination following acid leaching and auto-deposition on Ag discs (Afler: Flynn, 1966). 

Method: 

1. Weigh 1-3 g of dry powdered sediment accurately, into a 250ml glass beaker. Tare scales to zero. 
2. Add approx. 0.5 MI Of 209po yield tracer by pipette and record weight immediately. (Tracer is 

diluted in HN03and fizzing will be observed when tracer is added to sediment sample). 
3. Slowly add 30 ml of freshly prepared aqua regia and leave sample to digest for 3-5 hours. 

4. Add a further 20 ml of aqua regia, cover with a watch glass and gently reflux on a hotplate for a 
fiirther 4 hours (or overnight). 

5. Allow to cool, and then filter the supernatant. Wash the residue 3 times with distilled water, after 

which the sediment residue can be safely disposed of. 
6. Collect the supernatant in a 250ml conical flask and gently evaporate to dryness. (Take care not to 

over-heat to minimize loss of solution through 'bumping'). 

7. Redisolve in a small volume of 6M HCI and carefully evaporate to dryness, (this ensures 

conversion of the extract into the chloride form). I 

8. Redissolve in 5.5 ml of 6M HCL Transfer the solution to a Po plating cell (100ml beaker). Wash 

the conical flask several times with distilled water and add washings to the Po plating cell. Using 

distilled water make up the volume of liquid in the cell to 40ml. At this point the molarity of the 

solution should be approxornately 0.8M. 

9. Add approximatetly 1.5g of Ascorbic Acid (reducing agent) to the cell and stir until the solution 

changes to a pale green/yellow colour. 

10. Add a pre-prepared polished silver disc in the disc holder to the Po cell using prewashed stainless 

steel tongs. 

11. Leave to plate for 36 hours or more, on a warm hoiplate away from draught. 

12. Inspect the cell regularly during the early stages of plating to ensure that the discs are not 
discolouring (i. e. turning black) and the volume of plating solution is maitained. If discs do 

become tainted replace with newly polished clean disc. 

13. At the end of the plating procedure remove the disc, wash down with distilled water followed by 

a rinse in acetone. Label the sample on the back and leave covered for a minimum of 24 hours 

before counting on the alpha spectrometer. 

Regizents: 

Aqua Regia (3: 1 HCI: HN03) 

6M HCI 

209Po yield tracer (approximately 4.28 dpni/ml) 

Ascorbic acid. 
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APPENDIX 1.2 

Preparation method for determination of major and trace elements by XRF Spcctromctry. 

Major and trace elements concentrations were determined using X-ray fluorescence on both 

the Philips PW 1400 and Philips Magix Pro sequential X-ray spectrometers at the 

Southampton Oceanography Centre under the supervision of Dr. I. W. Croudace. The 

procedure follows that outlined in Croudace and Williams-Thorpe (1988). 

Preparation of sgmples for major elements (fused glass beads) 

1. Oven-dried samples were ground for two minutes in a motoriscd. tungstcn-carbide 
(5-sample) giratory Tema mill. 

2. Sediment samples were then ignited at 8500C to remove carbonates. 
3. A sub-sample of 0.8g of powdered sediment was then accurately weighed (error 

range ±0.0002 g) and 4g of lithium metaborate/lithium tetraborate 64eutectic" flux 

(ratio = 4: 1) then added. This mixture was then carefully homogenized. 

4. Individual samples were then melted at 1150"C in platinum crucibles over a dual 

oxygen/propane burner and then carefully decanted into pre-heated platinum moulds 

and allowed to cool. In the early stages of cooling the sample is gently oscillated to 

ensure homogenization of the fused bead sample. 
5. Samples were then carefully labelled and run on the XRF spectr6meter with standard 

reference materials (e. g. BCR-I). 

Major element abundances are determined as oxides according to XRF convention and given 

as % abundance of ashed sample. Precision in measurement is routinely less than I%r. s. d 

(relative standard deviation). 

trace elements (pressed powder pellets) 

Approximately 8-10 grams of oven-dried sample were powdered for up to 3 minutes 

in a motorised. tungsten-carbide (5-sample) giratory Tema mill to produce a 

homogenized sample with a distinct rock-flour consistency. (Samples are dried at a 

maximum of 451C to avoid loss of volatile elements). 

2. Prior to pelleting, between 10-15 drops of 8% INA glue (to act as a binder) was 

added to the powdered samples and carefully homogenized. 

3. Samples were them pressed in an automatic 'pelletizer' set at 12 tons per square inch 

prssure for approximately 15 seconds. 
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4. The pressed pellet was then carefully removed and labelled and allowed to dry prior 

to XRF analysis. 
5. Powder pellets are run of the XRF with international standards (e. g. MAG-1 Marine 

Shale). 

Element concentrations of pressed powder pellets are given in parts per million (ppm) and 

the precision is routinely < 5%. In this study trace element data accuracy was generally < 

3%. 
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APPENDIX 13 

Microscopic identification of diatoms is only possible following rigorous cleaning of 

sediment sub-samples. This entails the removal of organic matter and unwanted mineral 

material. The method outlined here follows the procedure given in Batterbee (1986). 

Prpparation of sampIcs for Diatom analysis. 

1. Approximately Ig (wet weight) sub-sample of sediment is taken from selected core 
depth increments and placed in glass beaker. 

2. Approximately 20 ml of Hydrogen peroxide (H202) is then added and the sample is 

then heated on a hotplate set at 90"C in a ftime cupboard to remove unwanted 
organic matter. Afler half an hour coarse plant material can also be removed. 

3. The sample beaker is then removed from the heat source and 1-2 drops of HCI 
(50%) arc added to remove any remaining 11202 and carbonates. The beaker sides 
should then washed down with distilled water to ensure sample integrity. 

4. The samples should then be allowed to cool in a fume cupboard (as chlorine is 

generated from the IICI). Once cool the samples are decanted into centrifuge tubes 

leaving coarse material in the beaker. 

5. Samples arc then centrifuged at 1200 rpm for 4 minutes. 
6. The supernatant is decanted off and the pellet re-suspended by gently tapping the 

base of the tube. This is then topped up with distilled water and re-centrifuged as 
before. 

7. Ile washing process is repeated at least three times. In clay-rich samples the fine 

clay particulate material can be removed by addition of a few drops of very weal 
ammonia solution. The clay is then decanted off with the supernatant. 

PLcparation of Diatom slides 

1. The cleaned diatom suspension is then cleaned to a suitable concentration (neither 

totally clear or milky). Fine particles should be just visible when the suspension is 

hcld up to the light. 

2. Place cover slips to be used on settling out trays in a position where they will be 

undisturbed away from dust and air currents. 
3. Using aI ml pipette, place up to 0.5 ml of well mixed diatom suspensiononto each 

labelled cover slip, cover and leave to dry for at least two days. 

4. Heat a hotplate in a fume cupboard to 130*C. 
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5. Place I drop of Naphrax mounting fluid onto the centre of the glass slide and then 
invert the dried cover slip for the sample and place onto the slide over the drop of 

mounting fluid. 

6. Heat the slide for 15 minutes to drive of the toluene in the Naphrax taking care to 

avoid fumes (toluene is a know carcinogen). 
7. Take due acre to eliminate any trapped bubbles arising from the heating procedure 

and then remove the slide and allow to cool. 
8. Once cool check the cover slip to ensure that it is firmly fixed to the slide by gently 

pushing with af ingernail. If any movement occurs the slide must be re-heated. 

Ile slides are now ready to be counted using a light microscope (100 x magnification) and 

suitable immersion oil with a refractive index comparable to the lens configuration. 
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APPENDIX 1.4 

Determination of organic content via the Loss on Ignition (LOI) proxy method 

1. Sub-samples at consecutive I cm. depth intervals were extracted from the all the cores 

using a clean scalpel. No shell or coarse clastic material was removed prior to 

combustion. 
2. The sediment samples were oven dried at 50"C for a minimum of 24 hours and 

powdered using a pestle and mortar. 
3. Powdered sediment was then added to a pre-weighed ceramic crucible and re-weighed 

following taring of the balancc. 

4. The samples were then combusted at an ignition temperature of 550'C for 2 hours in a 

vcnted furnace, allowed to cool in a dry atmosphere and re-weighed. 
5. The samples were then combusted for a second time at an ignition temperature of 8501C 

for 12 hours and thcn re-wcighed. 
6. Loss on ignition was calculated as a percentage of the dry sample mass lost (e. g. 

Grimshaw, 1989) from the following equation: 

0- -1 

Loss on ignition (% dry mass) = 
Post combustion loss (g) 

x 100 

Prc-combustion mass (g) 
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Appendix 2.2. Digital Ifliologi-iII)II OftlIC ýIC(lLIjI'CLI SC(JLICIICC Il-0111 I OCII 
I )oil ( ý' ol c -4 ) 1"Ic of %I Lill, Arglý 11 tACII LIIILICI- L1h01-, jtoj-ý C011ý1itioJIS it) Sllo\% JJIC 

gcncral characteristics of We sahment colour and charactcristics. 
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Appendix 2-3: Digital phot( graphic image of' tile Sedimentary Sequence acquired from 1,0ch 
Cl-cran, mainland Argyll to show gencral sediment charactcHstics and organk nmicrial. 
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Appendix 2-4: Digital photographic image ofthe sedimentary sequence acquired from the I lea(l ol 
Loch Etive, mainland Argyll, taken undcr laboratory conditions Showing disillict sedilliclitary units, 
sedirricnt colour and organic niatcri, 11 wit]' "MrHle red'st"IbUtcd s, "Ids alld gravels. (Note tile 
presence ofthe large granite cobble at the hasc). 
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Appendix 11: Aerial I)Ilotogl-apil (1988) Of tile are'l surroulaillig the I lCil(I Of 1, ()L'Il SCI I&IIII, \\ CStLl 11 
ISIC ()f MLIII, Argyll. (Source: Royai Collinlislo" 1'01' Historical and Arclmcological N101111111CIlt", ()I 
Scotland, (RCIIAMS), 1-, chngbLll'gIl). 
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Appendix3-2: Acrial photograph (1988) of the arm surnnnxhng I A)CII Doll, Solit I SIC OfNILI I I. 

(Source: lZoyal Conmision Ar Historical nnd Archaeological Mmunictits oI scotlaild, 
Flngbagh). 

496 



,I/, /, /" AP /A . 3.3 

Appendix 3-3: Acrial phMogmph (1988) (A' die area surroundkg the hend Of IAWII ()VNnl ; UW hiwcr (Ai 
Creran, mainland Argyll. 
(Source: Royal Col"I'lision for Historical and Archaeological NJ icjjts ()I, Scojjý111(1, 
Edingburgh). 

497 



ii'! /NI/. V .I 

Appendix 3-4: Aerial photograph (1988) ofthe area surromidiiig tile 11cI(I ()I, I, t)cll 111(1 1()\\, Ll 
Glen Etive, mainland Argyll. (Source: Royal Commisimi II or Historical aml Archacological 
Monuliients of Scotland, (RCIJAMS), 11, clingburgh). 
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Depth below 

marsh surface (cm) 
S102 T102 A1203 Fe203 Mno MgO CRO N&20 K20 P205 S03 LOI 

-0.5 56.12 1.33 15.03 12.11 0.24 4.16 5.69 3.35 1.81 0.44 0.40 6.84 
. 2.5 56.03 1.31 14.98 11.45 0.23 4.32 5.68 3.40 1.80 0.43 0.39 7.64 
5.5 56.05 1.34 14.83 12.18 0.24 4.25 5.73 3.34 1.78 0.45 0.41 6.56 

-8.5 55.61 1.40 15.15 11.03 0.21 4.41 5.63 3.38 1.76 0.43 0.31 6.61 
. 11.5 54.36 1.45 15.19 12.04 0.19 4.44 5.74 3.45 1.67 0.42 0.32 8.25 
. 14.5 52.63 1.50 16.08 12.77 0.29 4.57 5.64 3.46 1.67 0.44 0.39 9.30 
-17.5 54.32 1.50 15.94 12.10 0.28 4.45 5.94 3.48 1.69 0.40 0.27 6.64 
-20.5 54.37 1.47 16.14 11.61 0.24 4.34 6.09 3.61 1.64 0.31 0.31 8.40 
-23.5 53.86 1.51 16.30 11.96 0.21 4.31 5.90 3.52 1.67 0.34 0.30 9.50 
. 26.5 54.24 1.48 15.59 11.97 0.18 4.40 6.04 3.48 1.57 0.32 0.31 8.95 
-29.5 54.33 1.46 15.96 11.49 0.16 4.27 6.05 3.55 1.63 0.31 0.34 9.91 
. 32.5 55.31 1.39 15.47 12.45 0.17 4.14 5.89 3.93 1.70 0.29 0.36 10.13 
-35.5 54.25 1.33 14.92 13.70 0.18 4.02 5.73 3.47 1.67 0.30 0.31 9.20 
. 38.5 55.14 1.45 16.08 11.40 0.17 4.39 6.25 3.59 1.58 0.27 0.30 9.30 
. 41.5 56.86 1.40 15.44 9.25 0.14 4.42 6.25 3.53 1.63 0.25 0.29 9.87 
-44.5 56.78 1.34 15.25 8.76 0.14 4.35 6.21 3.61 1.66 0.24 0.34 11.36 
-47.5 58.57 1.36 15.16 8.46 0.14 4.34 6.60 3.57 1.71 0.21 0.31 10.55 
-50.5 57.60 1.30 14.69 8.31 0.14 4.37 6.60 3.46 1.63 0.20 0.32 11.25 
-53.5 59.11 1.37 14.93 8.29 0.15 4.54 6.90 3.80 1.66 0.19 0.26 11.78 
-56.5 57.83 1.38 14.38 8.58 0.16 4.89 7.45 3.27 1.58 0.18 0.24 11.90 
-59.5 56.91 1.60 13.59 9.10 0.19 5.59 8.33 2.91 1.48 0.17 0.22 12.43 
-62.5 56.65 1.40 14.43 8.70 0.16 4.87 7.03 3.37 1.67 0.21 0.26 11.61 
-65.5 54.56 1.31 14.65 11.15 0.16 4.60 6.81 3.88 2.04 0.22 0.22 11.47 

Core Average 55.72 1.41 15.22 10.82 0.19 4.45 6.27 3.50 1.68 0.31 0.31 9.54 

2 Stand. Dev 3.22 0.16 1.31 3.32 0.09 0.62 1.32 0.41 0.21 0.19 0.11 3.62 

Appendix 4.1: Major element abundance (% ashed mass of oxides) from the Loch 
Scridain core, western Isle of Mull, Argyll. 

500 



11,1 -0m t- "m v> :Z cn Fý ;ý0, - rý ýg m9w v' m M I: clý ý 0, ri 9 cý lll ee9 :Z 
ll ý,.. .63ýgi 

11 -9 `q ý 
Od m D--20, 

M2 cy, 0ýý ýe ý 
ýe 

ýr iýeý2ý1 
CY, w r4 r- 0, m le CY, m ci, m 
mgýgmM :2 (2, 

Cý -9 cyýI -i 
.. 

ri 

-ý9 GD 't 
Ir - '. 

ý9. ýý-ý98 �0 
,ý'- 

<ý 4 .i �j -; -W ri CS m0 CY, r4 ým m94 r- CD- m00, e4 e1 

A PIT NDIX 4.2 

-1010 "--'4D rý wirtlý-! -! li 09 en(h- 10 '40 -V Cý 'I 'i r -: ý '-t I cc t-: 00' 0' In, M, 9' 10 r- r- cc 10 ty, ;ý rl r4Z t.: od rý: t.: ad CS ;; m"W, vi r, "A - 
t; 

--NNNNNN C4 NNN C4 N C4 r4 eq eq 'n m el M fn mmM In 
'r, 

r- 

N f- 't 'i Iq fl: Oý ri W? Cý Iq ei ri -! el li -! flý V: Oý "i ei ti IP N Iq lp "i N- 11 rl cc "V 1) lp Oi Cý N &ý 66 'T - 0,0,00 r- vm 1- m 0) W, a C4 w r- 8 rý ý VD -3r.: &! W; 4j f- gi rý: co - 't eq 0 mmvvI ko ka rý 00 0% 000000 ON as eq ''8a2a 'i 
-s 

----------- 
It 42 10 00 

en %n g po ;ý co M %o %n #n " ch %c 11 n :2"", cc Am 
'"o 10 IWO 1 01-0 110 &==_;; i? :; 0";; A 00 5! 

m t.: 00 a, ; ej -1 '-l 
r OR "t "q I't 't n el ei "1 

00 
4ý oq In 

w r, 00 
ýd , r- cy, ;; 0 CY, 0ý 00 00 r'l 4 C4 C, el hn p00 !ý2ý! !24!! :2M Cý = Cý 222 'ý .6: '4 

't 0ý 't 'I -i - In 
0) In v" -e ýn IT V vi In NNNN r- 2a t4 , 

C4 (11 Cý -! 0i IC! Wi en aq tlý rý It li ti -ý rý 0ý fn -1 ý 'q -1 -R n ri tý "I OR "I v: ki r-I aq vr I"q 06 f.: 0 0,0 " 'o 't t- C7, m; 4 C), 0 co ýý 't - 'n r- 
v 

rý r- w .0-zz 00 co co 4"qN (), 
le ý" -W 0 

7, m r4 r4 (4 NNNM In M In In M 'Ir 't "VvVvv Iq v -e 

ri r. ý ti 'D OR ri %q IR 0ý IR I %q N 0i aq lo! n %q fý C-R vi fn 'I 

"d '6 r- r- 00 r- 00 (), 0; Cý 22:: Z: =' :: ==Z; =Z:: ==Z: ý! ==ý! Z====ý! Z: :: Mt! 1mý! --; 14 

ri 1A1: ý 11 lý yý cý ei n -! cý 
,R 

wl e -! "i q -! '! tý q 1, ý N 'R '4ý c: ý rý -4: -! 1 '01 cý rl r. ý e 0q r- 00 ri 'm 2 en c2 (4 ri 8 vi ý 
CIM4 

W ;ý9 Gi X In 2 Im> 12 9m ON 00 m f4 rý 
e ri m 0, v ei 

2 
10 

mo 
e" 't n r4 mmv 

(4 f4 (4 f4 
2(4 r4 

-MM ------ 
M-2 t ri 

(4 r4 (4 r4 
Viz 

-mmz 4 

00 -22 -! ei i %n n '! `ý e "t ý0'! ri n 'l: ý 11 1 11 01 0 IR de A 0q ei in e 0, , rý ei M., 0 nqC, ý ', 2 
00 Z, - L, r4 Z02--;; 0- 
N f4 

w Cb n le mmNm00 't mmm re w 
ý CY, 10 10 r, ýn VI 10 rý 0, ri IR rý le: vi ý «, 1: 9 ce 0, ce 'ý ý, ̀ý 2 wi 4m 

Nn C> 0m0;; z ý. -1 
rz r.: -4 ted": fý rm vl '! ýý ýý Ue -1 .. Vi In 't M 00 10 01 ý0:; 10 M 10 CD, 

,m 
r- r4 n (> 00 ý -e f14 r4 f4 f4 (4 (4 m le m' "' 0MZ ;2p :2 1-: me mmmmm 94 mm, �. ,m f4 e 0, e4 

10 ye ' -! e fi o- i- tý l'ý '0: n r, ý rl e 1q - 01 *1 A-nt: ý -1 OR -* en e-e cý -! te W: e-: rý m 
0; 2; Zvg v e. ý vi 06g VSS 22Nr-=t- --Z MGN w, ý c; 0 viýn tz;; g 2 4: 2- Pý cý 

0m c> 01 0eM (b m c> M0 r- C> (b 0 v% C> em 
Ir le «i 

ým0ým. 01 ýý 1 xý 
.i0000,0 00 02v9220, o' g 00 e4 f4 m8 10 VM2920,0, ý vl '. ' 

e "i 
.n1N 0q 6 r-: "»«'. cý fý %-; r4 cý fý 06 06 "i cý "i f4 eý r-: r-z 4ý -ý r.: , ý: 2 

f141 e4 --MZ22;, r- 0, r- oo oo K3-v6mmm (4 - 
:2 :20v km 0 vý en g" ' 

- le In li Ile rý oý -! ni r1: in le n tý vi n 12ý 0N rý 'ý N Mb fl n t'ý tý , I: N 1q n ri ei -1 ýe 0q 0q 0q NM 
rz -4 ýi mmý r- ty, f4 CD ý r4 ;; Z: rý Co vi n 42 m 00 f4 ;t-0- tm r4 W 51 mý oe 2 00 ,0 f4 f4 94 

-m0m0ý 09 NN0, q f4 "e 9n Wi e '! fi N lý 01 19 tý 0 ei N Pý 0 -! ri KI '2V: ,6c; �6 cý -i w? oi -) rý , le - tý ene x? v«, 00 e r- r4 (> NO Ae;; p0M0Z (4 ein ;QM-21t, 2 - 
oe 

00 r- en ein 't 00 6M0 
m 

ci 

Nn %n n ýn e %m %n bi n 
12 Z2mZ :22 !Z !ZZ, f4 0-0' r? 

Gn 

u 

2t 

.. 
"0 

'CJ 0 

501 



A PIT NDIX 4.4 

2 rj ri ei Vi c> Z 

wl ýo N fi 111: -i . lzý Vi fi ri cý -i li . . CD C=) cý 

9 

vý 
2 rm (D 00 00 r14 CY, t- 00 

G, bý '"n ri " f4 ýý A) M ýI N ý-. 22 00 
rq ýI 

cw cý c; cý cz; c5 cý c; cm; c=; d c; c5 c; c2; c; c; cs c; tý 2 

g cy, r. 4 - gl 0, c> gl cr, V, vl Vi r4 
0 

i vi r-; ei f-; «i r-; f-; 

0 

00 g c> 00 0 ýo rq rlý clý r1: ri IN Cý Ixe r»I: cyý Cý 00 
vi 

9 (D t-- e r- t- A 00 (7, r4 (D 22"0 �l 4 c2ý 11 oý '14: n: t'- 9N -- o p . : :.. g. -i u 

c> en MD m ýo 't c> c> c> ei ri ei ri fli -i "i -: -i CD C: - CD CD CD c> CD (D CD CD (D c) c> c> ci cz; 

't Zo m t- r, 1 ýo c: D 

od (7, od od oý C: K cý cyý od r-i r-: ýd -, 6 Nd od 
cu 

1. -2 0 
r4 

CD oý M vý - ýo c311 00 rm %0 
. 411 

oý C> 

f4 ýc CD ? %0 3gm0, 'n t- :2:;;! 'n q00 C, 9 cý r-1 (Z r- f 

0 

ig : %ö ; -D Ivli 7D 20 ovoý 2 121 zo 
%0 

21 z9 12 i CD 

0 

CU' 

99 
0 

>: fl 
V) vi vý x! vi vi V-b vý wý kn v% vi 
.4, --e r- c; ýý c; oý i- 9 '2 '? ý- - - iý ý '? - '? '? '? 9 1 21 

9- 1 . . . T e 10 
Ln C 

502 



APPENDIX4.4 

I ;F 

0 

1M 04 

I lug 

I UO 

U 

0 

0 

E 

I 
C) 

Cý C-1 ci ýq C-4 00 tq tn C-1 c) -V W 
m ýo en en 4 '. 4 C4 ý6 6 

-; eý; r-ý in tn W) tn W) V) 4n IT w1w en en (14 

ocgoocDos coo cgos(D 
ei -i Cý 't I: 1ý " el "t tý w! 17ý C, 4 W) ý! eq en = eq " rq C-i = 

---=2-0,0ý Cý 06 

C) 0 C) a00a CD Cl <D CD 0 C) C) CD 0 in C-4 00 o% C4 .T 00 --t 00 F-4 r- 00 5, (7, 
116 06 tei tf; t-ý ý6 wi Iti C-i C-4 C-i eq 6 c; 

CD CD a0 CD S00 (D (n 00 Cl a CD 0 eq --5 'tr 00 tn (5 '": "t tý N el ol w! 
tti 06 en 6 -; 00 Cý 6 

r'.: a eq C) -p ýo 00 C14 C14 I-T IT v C14 C14 -N C14 tn C4 C'4 

CD Cý C) CD 0a (D (D CD CD C=> 0 
cl f- cl C-4 C7, r- 00 a C-4 F en in CS C5 

ON eq qý te; t-Z tr; 06 C06 -; 6 -ý 06 c; -: C; 6 -: 11, No r- t: r 't :; (71 tn t- ýo ý. o -tr en C4 m eq 4" en en C, 4 en --=,, C4 " 

00 C> (D CD C> C) 0 C) Cý CD Cý CD (D C5 (D en - Cl 00 It 00 CN 00 C) CN 00 -tr C14 ") 'r 
vi vi ý6 ý6 t-z ý6 t-: i: ý6 wi 

, 
tei %6 eli ffi eli 

CD <D 4ý (D 0 (D CD Cý Cý CD 2 Cý (ý 22 
'S e! 4R It "': " "I tý 'It 09 W! . r,, ý '": . t- 00 C4 (14 q* A NO ON It eq m t, 110 ýo en 1", 14- "T It en cq " eq en C4 eq eq --- 

CD C, 000 4D 0 C> C) (D 01 Cl 0 C) C> 
't a, cq Z CS eq in 4- CYN C', t- 4- wl 

tr; Cý C; 1ý6 tr; Cý eli eli C; 6 00 en 00 ý! = C4 el) t- eq eq C14 " cn M C*4 4t "m C) 

C) a0 CD 0 CD 0 (D C) (D C5 CD 0 (D C> CD 
CN ýo - in Cý 00 C> r- - CD ýo 0- tn - 
ei te; eýi ý6 14 C-4 I": Cý 6 C-i 6 0ý 4 t--: c; 11, IT en en W) M en en tn It Itt C14 CN Itt en 

. CF en t- C-4 00 --t in in f- "t C-4 .; .4 1- %0 Q 
C* ... 

t- mN t- 00 00 ef) tn It r- ON 0ý I'D 
9 

ýo 00 V) tn 
-41 rn C7, C-4 tol cs C4 00 a tQ W) 
%n tn m CA F4, C14 - %0 wl 

CF, Cý 4 t- - W) r- 4 W. ) SO 0ý Z 00 C4 
k6 ltý Cý t--: 1c; ": Wi 1 .11 len N kn 

CD (c) (D CD a CD oaa0 CD 0 Z 'T t- en eq ch 5 rl f- 00 cl -7 CD in 
-p ;tr r- - en eq iIa -i # 
oN kA ýo IT en en - 'o 

C> cý C <D 00o0 Cý CD c) C) C5 a cý o C'i -, t it C-4 en tn -t --t- 9) 6 6,6 c; C; c; c; 6 (: 5 

t- C) 00 00 N t4 rq tn ýo C> ON M t, R t. -: ýq t- m ýq "m kn 00 tn - C4 
r- 00 ;ýv: 6 vi r. -: cý -4 -; C4 6 ('i In ON V*i , tn r- 110 tn kn 1ý0 t- 1ý0 00 In ýo ýg fn C14 en en en en fn en en en en en en en en --t 

00 C5 0 <D CD 00 CD a0 CD CD (D 08 0ý q: ý 0ý 'n en ýq 00 CF, Zq Zo en C)" ON t- 
"D ON ý0 0 ý6 06 4qC, 6 Cý C-; t-ý Z C; Cý C; C'4 eq C4 N CN C-4 eq eq -------- 

w! tel tq %q w! w! in %n 
C4 Vi 
17 17 

1 

503 

1 

4* 
N 

C 

N 
ri 
t- 
C4 

t- 
ri 

Vi 
:2 

t- 

00 cr, 

00 

Oý 

en 

rn 
Wi 
It wl 

en tlý 

rn 

(4-4 

40. 

"0 

10 

PC 

M 
aj 
04 



APPENDIX4.4 

,z0880000a CD 8 c' 8 CD 00 Iýq Cli 
.. 

ei ri V: ri 
- 

q: 
- -i . 

Vi Cli ei '0 
00 00 00 C14 fn a 0ý 00 1 en t- V) CD W) (D t 
ýo It W) t- Cý 00 00 10 t- oo 00 ke) tl- as oo C, 4 C-4 ('I eq C, 4 AA C-4 C-4 r4 A C4 C-4 C4 

W) 
N tý 

a 
C) C) 0 (D <D 00 <D C) (D 000 Iq 'l: IR "R 11 '": cl t'-: C4 Cý f- -q- in in 'D N 4 'I- a, -) 't t- ;ý2 :2C; ý, 6 Cý -; t-: 6 t-: ei W) en C4 "- (21% C* t- 00 t- ýo W t 

0 CD 
0 
rA --- , ) n 

0 
1:: ý 

CD 0000 CD a (ý 0 C) 00 
ON m 00 CD I-T 0 t- en C4 'IT clý N0 00 0 ýo : 6 ; 

10 
ýo 

t- 0 6 C5 - C; 6 
Cld C; C7; tn ýo "t 00 

N (14 C*4 m en en N en N en C14 mN C14 (14 tq eq 

E 
C 0 

t1l C> > CD C) 0000 CD 0 (D CD C) C> IM Cl 
oq q: c! cl R tri tel rý kn Ci en ý, q -, t c) 'tr q, 

tl- 
'4q 

en g 00 t- 6o C4 en - ON Cý cý 4 W) tn ") 00 r- 00 as 00 C) 00 C) tl- t- 1.0 00 00 tn %0 11, -----C, 4 - r-4 -------- 

CD 0 4D 0 4D 't Cý 00 Q w! 
'i Cý 

40. 
(A 

A 
CD 0 C> C) 00 (=) 000(: > 0 CD (:: I (Z 4=) C'! r-: oq -1 0ý cý 0ý q r-: -4- c> r- t- W) cq 

en 
v 

C? C, C5 C; eq 

"a 

I. a C) C) CD C) 000 CD 
--: -: w! q el p C'i C'i (, ý In "I r! qNRw! ei Ino rn Cý tn W) fn %n 't Cý tn CYN CN It en P; tn tn 10 en eq -- C) - jq -- Cý " kl) C14 eq (14 C14 C14 NN C14 N (14 N eq "N el eq eq 

C4 
eq 

00 0 C) C) CD CD CD 0000 
cl q C9 C7ý '4R Cý 

fn r- 9 V? Cý 

0 

0 CD CD 0 CD CD 000000 C) (D CD 0 
'41R oq Cý (--ý -ý co ýo <D 00 Na Cý "T ýo en ei 

00 

ei 
00 ýo "o r- 00 ý6 t-z 06 r.: r-ý rl-: ý6 r-: ýo t- r- r- 

a0 c) c) 0o CD 0C CD 00 CD 0 Cý IIR " 00 '. 0 - 't '4q 
N 

clý 
eq r- -a 

Itt ei 
"o 

In 
, 

t- - t-- ý, o W) r.: *i16 Cl ell 10 00 ON N C> C) ýo en 00 N W) W*l - r- Tt C14 0 Q rn 00 - 
C) C,., C14 t- Cý C) W) kn -,, = C> oo 00 " 

N 4 5, 
cq --- T C4 eq 1 

2 
0 

0 C> cl 0a C> (D 0 <D CD <D ýD 0 <D C> Q ri -1 09 cl R rg tý C9 el c! llý '4R 09 R 00 
aý r- - as CD N C) M 00 C*4 N tn tr) t- r- t- tn I- r, t- %0 tn 1.0 W) tn W) 

4 ".: r 
# G4 6 

ýo en IT W) 00 00 Ln 00 0 eq 0 tn ýo 00 
C7, tn 00 00 en ý6 Cý C; C4 eq en It 1-t en 't IRT en 1** (14 en (N C14 N 

C3 .6 
(L) 
U Cd I tn tn W) W) tq kq W) W) W) in ttj til V) V) tn W) t 

C5 "; '4e; Cý C-i toi 06 -4 4 t--: CD m ýo ON eq kn 0 10 
cl 

: 9 6 

504 



A PPE, NDIX 4.5 

Depth below 
marsh surface (cm) 

Si02 T102 A1203 Fe203 NInO Mgo CRO K20 N&20 P205 S03 LOI 

-0.5 56.84 0.78 14.37 11.37 0.47 3.98 2.58 2.86 4.04 0.89 4.18 6.11 
-1.5 56.12 0.76 14.62 12.69 0.50 4.03 2.60 2.80 4.10 0.97 4.21 3.95 
-3.5 58.01 0.84 14.78 10.11 0.23 4.28 2.74 2.94 4.59 0.83 5.91 4.98 
-6.5 59.21 0.82 14.27 9.39 0.14 3.67 2.48 2.67 3.87 0.54 3.01 5.02 
-9.5 61.89 0.85 14.69 7.59 0.15 3.67 2.47 2.72 3.78 0.48 2.37 4.96 
-12.5 64.82 0.86 14.52 7.17 0.10 3.52 2.48 2.73 3.61 0.38 1.99 4.98 
-15.5 68.10 0.87 14.33 5.68 0.07 3.34 2.53 2.60 3.48 0.31 1.27 4.00 
. 18.5 65.11 0.87 14.53 6.49 0.08 3.41 2.50 2.72 3.39 0.31 1.68 4.39 
-21.5 62.21 0.72 12.12 14.49 0.13 2.52 2.17 2.31 3.21 0.28 2.21 4.67 
-24.5 65.30 0.77 12.84 9.57 0.07 2.74 2.35 2.47 3.50 0.30 2.20 3.88 
-27.5 66.78 0.85 13.70 5.41 0.07 3.19 2.52 2.67 3.74 0.32 2.47 5.30 
-30.5 67.73 0.83 14.71 5.74 0.07 3.13 2.51 2.90 3.78 0.31 1.84 5.49 
-32.5 65.85 0.92 14.85 5.80 0.07 3.53 2.67 2.83 3.79 0.36 2.45 5.13 
-36.5 66.02 0.89 14.43 6.88 0.10 3.40 2.58 2.76 3.67 0.32 1.84 5.86 
-39.5 65.47 0.84 14.20 7.36 0.17 3.31 2.61 2.78 3.84 0.33 1.99 5.29 
42.5 65.77 0.52 13.77 9.15 0.68 2.25 2.17 3.02 3.55 0.19 1.29 2.15 
45.5 71.50 0.57 14.10 4.05 0.06 2.19 2.13 2.98 3.61 0.18 1.07 1.68 
48.5 71.79 0.53 14.17 3.75 0.05 2.18 2.08 3.11 3.54 0.14 0.73 1.95 
-51.5 72.03 0.53 14.37 3.65 0.06 2.01 2.22 3.17 3.70 0.11 0.66 1.45 
-54.5 71.12 0.57 14.10 4.48 0.05 1.91 1.93 3.08 3.53 0.14 0.81 0.60 
-56.5 71.38 0.54 14.04 4.02 0.06 2.26 2.09 3.02 3.44 0.14 0.84 1.37 
-60.5 72.18 0.57 14.32 4.27 0.05 1.98 1.61 3.45 3.06 0.12 0.83 1.50 

Core Average 65.69 0.74 14.17 713 0.16 3.02 2.36 2.84 3.67 0.36 2.08 3.94 

2 Stand. Dev. 9.77 0.28 1.24 5.94 0.33 1.45 0.55 0.48 0.62 0.48 2.56 3.49 

Appendix 4.5: Major element abundance (% ashed mass of oxides) from the Loch Creran core 
mainland Argyll. 
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APPENDIX5.21 

Detectorl Detector2 
Height Silica Silica 
[mm] Coelf. Coeff. 

10 0.73 0.73 
11 0.73 0.73 
12 0.74 0.74 
13 0.75 0.75 
14 0.75 0.75 
15 0.76 0.76 
16 0.77 0.77 
17 0.77 0.77 
is 0.78 0.78 
19 0.79 0.79 
20 0.79 0.79 
21 0.80 0.80 
22 0.81 0.81 
23 0.81 0.81 
24 0.82 0.82 
25 0.83 0.83 
26 0.84 0.84 
27 0.85 0.84 
28 0.85 0.85 
29 0.86 0.86 
30 0.87 0.87 
31 0.88 0.88 
32 0.89 0.89 
33 0.90 0.89 
34 0.91 0.90 
35 0.91 0.91 
36 0.92 0.92 
37 0.93 0.93 
38 0.94 0.94 
39 0.95 0.95 
40 0.96 0.96 
41 0.97 0.97 
42 0.99 0.98 
43 1.00 0.99 
44 1.01 1.00 
45 1.02 1.01 

Appendix 5.21: Height correction coefficients for the two high purity Germanium 

coaxial well-type detectors used for gamma spectrometry, determined from 

measured diluted Amersham QCYK 8163 mixed gamma standard in silica-based 
n1atrix. Calculated coefficients have been applied to the measured activity in the 
Argyll marsh sediments. 
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A 

Component PCI PC2 PC3 KA 
S102 -0.101 -0.325 -0.308 0.187 

T102 -0.051 0.013 0.526 0,050 
A12033 0.094 0.366 0.151 0.240 
Fe20-35 0.177 0.265 0.184 -0.14 5 
MnO 0.175 0.014 0.300 -0.21 1 
mgo -0.161 -0.293 0.238 -0.221 
CaO -0.2 23 -0.260 0.027 -0.094 
Na20 -0.024 0.380 -0.276 (). () I () 
K20 0.096 0.117 -0.320 -0.4os' 
P205 0.254 0.062 0.147 
S03 0.222 0.027 -0.057 0.171 
Rb -0.265 0.046 -0.052 -0, () I () 
Sr -0.207 0.052 -0-012 -0.027 
y -0.269 0.054 0.017 -0.005 
Zr -0.260 0.083 -0.027 -0.15(1 
Nb -0.234 0.192 0.038 -0.205 
13b 0,232 -0.065 0.097 -0.11 () 
/11 0.0111 -0.274 0.220 -0.41 
Ni -134 -0- 0.092 0.192 0.17() 
As 0.223 0.119 0.138 -0.120 
Cr -0.239 -0.104 0.159 
v -0.194 0.089 0.249 0.2% 
Ba -0.241 0.067 -0.096 -0.26., 
La -0.176 0.347 0.018 
Ce -0.197 0.2 78 0.070 

I"/o Variance 5 ". 9 15 - 12.4 4 

Kqy 

heavy minerals grain size(fine) 

diagenesis neutral 

carbonate/marine 

Pb & As association 

Appendix 6.1: Principle component loadings resulting from PCA 
of the marsh core geochemistry from Loch Scridain. 
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l/'/'/: \/)/v (� 2 

PC 1 PC2 PC3 PC4 
Si02 0.184 -0.174 (). () 61 
T102 0.118 -0.329 0.084 (). ()2x 
A1203 -0.153 -0.231 -0.112 -0.031) 
Fe203 -0.135 -0.210 0.224 
MnO -0.132 0.022 0.289 
mgo -0.150 0.072 0.194 -0.1 
CaO (). I()Q 0.010 0.075 
K20 -0.199 0.115 -0.105 
Na20 -0.193 0.212 -0.078 -0.1 
P205 -0.193 0.173 0.035 0.010 
S03 -0.177 0.251 0.003 -0.023 
As -0.201 -0.051 0.006 0.002 
Ba 0.144 -0.097 0.015 -0.201 
Bi -0.031 0.204 0.386 - (). ()() I 
Br -0.207 0.059 -0.039 0.000 
Ce -0.141 -0.007 -0.11 () 0.3 
cl -0.180 0.232 0.016 - (). () 
Co -0.082 -0.009 0.420 
Cr -0.020 -0.220 0.203 -0.392 
Cu -0.199 0.068 -0.068 -0.061 
Ga -0.140 -0.311 -0.079 -0.141 
1 -0.169 -0.160 0.039 0.140 
La -0.052 0.000 -0.198 -0.484 
Mo -0.199 0.018 -0.079 0.074 

Nb -0.192 -0.138 -0.036 -0.006 
Ni -0.202 -0.081 0.039 -0.031 
Pb -0.198 -0.099 -0.040 -0.013 
Rb -0.201 0.006 0.021 0.006 
S -0.201 0.089 -0.008 -0.047 
Sb -0.064 0.004 0.391 -0.240 
Sn -0.149 -0.005 0.120 -0.242 
Sr 0.064 0.256 -0.033 -0.209 
Th 0.196 -0.073 0.065 0.043 
u -0.204 -0.024 -0.063 -0.065 
v -0.127 -0.293 -0.161 -0.077 
y -0.116 -0.365 -0.015 -0.041 
Zn -0.204 0.034 0.022 -0.040 
Zr 0.1 W -0.075 0.321) -(). 1 IQ 

I% Variance 59.8 11.7 7 0.2 

Key 

heavy minerals giain size 

diagenesis neutral 

carbonate/marine 

Pb & As association 

Appendix 6.2: Principle componcrit loadings resultim, from L- 
PCA of the marsh core geochernistry from Loch Don. 
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-I/ 11 IF Vl)/ \ (). I 

Component PCI PC2 P C3 NA 
S i() 2 0.195 (1 ()J7 0.075 - (), () Is 
Ti02 -0,155 0.297 0.122 0 070 
A 1203 -0.021) 0.229 -0.161 -0.1 (, (ý 
Fc 2 () 3 -0.153 () IsO 0.081 () () ýI 
M no -0.095 -0.351) -0.1 12 -0 ]so 
MgO -0,1 QO 0.186 -0.097 () 0ýý 
('a () -0.107 0.170 -0.024 0.120 
K20 0.131 -0.060 -0.308 -0 271) 
N a20 -0,120 0.004 -0.331 0.1 1s 
P205 -0.181 -(). () I () -0.257 0.014 
S03 -0.175 -0.017 -0.184 0.028 
As -0.177 -0.195 -0.030 0.015 
Ba 0.200 0.002 -0.081 A) 008 
Bi 0.142 0.096 -0.035 -0 071 
Br -0.206 -0.005 -0.056 0.055 
Ce -0.183 -0.070 0.088 -0.088 
CI -0.20S 0.021 0.098 0.051 
CO 0.061 -0,323 -0.250 -0.14() 
Cr -0.178 W 144 0,180 -0.077 
Cu -0,186 0.012 -0.192 -0.005 
6a -0.037 0.372 0.057 -0.40(, 
1 -0.195 -0.074 0.043 
La -0.087 -0.147 0.293 A 208 . 
Mo -() 100 -0.324 0.073 -(: ()8 8 
Nb -0.168 0.173 0.227 -0,123 
Ni -0.194 -0.049 -0.072 -0.141 
Ilb -0.032 -0.035 0.021 
I? b 0.150 0.117 -0.118 -0.307 
s -0,094 -0.067 0.141 -0.400 
sb -() IIs 0.221 -0.156 0.2 ')3 
So -0.092 -0.040 0.243 0.185 
Sr 0.197 -0.037 0.150 
Th 0,03 0.089 0.076 -0.173 
U -0.208 0.012 -0.028 0.013 
v -0.194 -0.139 0.056 -0.075 
y -0,197 0.103 0.056 -0.197 
/n -0.186 -0.070 -0.186 -0.051 
/r 0,1 14 -0.187 0.179 0.113 

1 /o Variance 58.5 9.6 8.2 

heavy rrýnerals 

coarse grained sedinxmt 

carbonate/marine 

fine grained sediment 

neutral 

II Pb & As association 

Appendix 6.3: Principle component loadings resulting from PUA oftlic corc 
geochernistry from Loch Creran 
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AI I/, /., NPI \o .1 

Component PCI PC2 PC3 P(4 
Si02 0.040 -0.372 0.01 
Tj02 -0.219 0.059 
A1203 -0.066 0.252 0.387 
Fe203 -0.142 0.275 -0.133 0.211 
Milo -0.146 0.217 0.009 0.400 
Mgo -0.204 0.225 0.144 0.060 

CaO -0.247 0.125 -0.043 0.1 P) 
Na20 0.101 0.133 0.2)54 - 
K20 0.221 -0.001 0.358 -0.092 
P205 -0.035 0.285 -0.393 -0.239 
S03 0.165 0.011 -0.398 -0.400 
Rb -0.190 -0.249 0.245 0.040 
Sr -0.207 -0.224 0.233) 0.006 
y -0.268 -0.094 -0.043 -0.037 
Zr -0.209 -0.160 -0.203 -(). ()11 
Nb -0.251 -0.152 -0.090 -0.002 
Pb -0.096 0.343 0.173 -0.0N7 
Zn -0.256 0.121 0,074 -0,051 
Ni -0.261 0.013 -0.033 -0.195 
As -0.070 0.355 0.140 0.020 
Cr -0,254 -0.070 -0.095 - 0.22) 0 
Va -0.270 -0.031 -0.011 -(). 1 Sl 
Ba -0.186 -0.268 0.202 -0.023 
La -0.265 -0.030 0.015 -0.178 
Ce -0.258 - (). () -1 () -0.014 -0.226 

I (NO variance 50.9 23). 7 8.8 0. ) 

Kýey 

heavy minerals L 
_Jgrain 

size 

diagenesis neutral 

carbonate 

Pb & As association 

Appendix 6.4: Principle component loadings resulting from PUA (it' 
the marsh core geochemistry from Loch Etive. 
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'1 7.4 

(b) 

Appendix 7.4: Further photographs to show erosion of' c, Mid-Late Holocene pillilct) 
shoreline surface at the head of Loch Etive, Immediately following spring tides. Note [Ile 
presence of Goarse in relation to the beech cliff. 
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