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Abstract

The reconstruction of Holocene coastal environments, and ultimately relative sea-
level changes, normally utilises a range of microtossil proxies, such as diatoms,
foraminifera and pollen. As microfossils are sometimes poorly preserved, sparse or
absent from coastal sediments, this thesis assesses the potential of using 8'°C and
C/N analysis of sedimentary organic material as a possible alternative. Modern high
inter-tidal and sub-tidal surface sediments of the Inner Mersey Estuary, UK, reveal
distinctly different 5°C values, with variation in C/N ratios also evident, reflecting
changes in the dominant source of organic matter in relation to ground elevation

within the tidal frame. Despite decomposition effects, the relationship between

ground elevation, 5"°C and C/N, is preserved in the sediment record, with a gradual
increase in &' °C and a decrease in C/N from supra-tidal, through to inter-tidal and to

sub-tidal environments. Holocene variations in 8 °C and C/N are compared with
coastal palaeoenvironmental changes inferred from microfossil evidence and show a
good correspondence. Although 5'°C and C/N are not as accurate as microfossil
indicators in terms of coastal palaeoenvironmental reconstruction, they may be
applied successfully in the field of relative sea-level reconstruction by helping to
verify sea-level index points when microfossils are absent. This 1s demonstrated by
employing §°C and C/N analysis as part of a multi-proxy investigation into the
Holocene evolution of the Inner Mersey Estuary, which was found to follow the
tripartite model of estuarine evolution common to other UK estuaries. Early
Holocene expansion and Mid Holocene contraction of the coastal zone was driven by
changes in the rate of regional RSL rise, and a possible increase in terrigenous
sediment flux in the Late Holocene may have allowed the re-establishment of lower
inter-tidal conditions. These processes resulted in the observed minerogenic-
organic-minerogenic sediment structures, which is the characteristic sediment-
stacking pattern of estuarine deposits associated with the tripartite model of

evolution.
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Chapter 1

Introduction

1.1 Scientific background and justification

Holocene coastal sediment deposits contain an array of valuable information regarding
both natural and human-induced changes in the marine, riverine and terrestrial
environment. These, often lengthy, unconsolidated sequences of intercalated
minerogenic and organic sediments may provide information regarding the height of
Holocene relative sea-levels (RSL)' and their rates of change (e.g. Long et al., 1998).
This information has been used to improve the accuracy of postglacial isostatic
adjustment models (e.g. Peltier er al., 2002) and 1s also pertinent to elucidating the
response of present day coastlines to current and future climate changes (Shennan,
1995). In addition, Holocene coastal deposits have been utilised in sediment
provenance studies (e.g. Plater et al., 2000a) and to reconstruct changes in the volume
of palaeoriver discharge (e.g. Byme et al., 2001). This spectrum of valuable
information contained 1n the sediments of Holocene coastal deposits may remain
unobtainable i1f microfossils, the cornerstone of most coastal palacoenvironmental

Investigations, are poorly preserved, or even absent in the sediments.

Diatoms, foraminifera and pollen are the most commonly used microfossils in coastal
palacoenvironmental reconstructions (e.g. Denys & De Wolf, 1999; Lloyd et al., 1999;
Waller et al., 1999). In particular, diatoms and foraminifera are used to reconstruct RSL
change as their distribution in the contemporary inter-tidal zone is related to ground
elevation within the tidal frame (Gehrels et al., 2001). Microfossils are, however,
susceptible to chemical and mechanical damage (e.g. Ryves et al., 2001). Further, each
of these microfossils is only abundant in certain sediment deposits: pollen 1s generally
confined to organic rich sediments, and diatoms and foraminifera largely to minerogenic
deposits. As a result, it is not uncommon to encounter sediment deposits containing a
discontinuous microfossil record that is in various stages of preservation, severely

restricting coastal palacoenvironmental reconstructions.

' Relative sea-level change refers to a change in sea-level relative to the land. This may occur due to
ocean level changes (eustatic) and/or land level changes over shorter (isostatic) or longer (tectonic)
timescales.



Carbon 1sotope ratios (*c/'“C, expressed as 5'°C) and organic carbon to nitrogen ratios
(C/N) measurements in bulk sedimentary organic matter have become successful tools
for palaecoenvironmental reconstruction in lacustrine deposits (e.g. Lamb er al.. 2004:
Street-Perrott et al., 2004), despite the fact that some diagenetic alteration of organic
matter inevitably occurs in the early stages of decomposition (Meyers & Eadie, 1993).
8'°C and C/N values provide information about the source and amount of organic matter
entering a lake system and thus vegetation changes through time (Meyers & Teranes,
2001). §°C analysis has been used effectively in some coastal palaecoenvironmental
investigations, where vegetation dominating the saltmarshes utilises the C,
photosynthetic pathway (8'°C range of —15.0%0 to —9.0%c) and vegetation on the fresh

water marshes, the C; pathway (8'°C range of —33.0%c¢ to —23.0%¢) (Deines, 1980). The

large variation in 5'°C between these two groups allows their host palacoenvironment to

be distinguished from the sedimentary deposits (e.g. Chmura & Aharon, 1995).

C4 vegetation has either been introduced or 1s rare on UK saltmarshes (Rackham, 1986;
Crawford, 1989; Preston et al., 2002), thus greatly restricting the range of organic 51°C
values. Despite this, some studies have been able to distinguish between organic matter
sources in the modern coastal environment using a combination of $"°C and C/N ratios
(Thormton & McManus, 1994; Andrews et al., 1998; Middelburg & Nieuwenhuize,
1998). The ability of 8"°C and C/N to detect changes in the source of organic matter in

C; dominated systems has resulted in their application to 1solation basin sediments as a
proxy of shoreline displacement during the Holocene (Westman & Hedenstrom, 2002),

and to lagoonal deposits to detect palacoenvironmental changes as a result of Holocene

sea-level change (Miiller & Mathesius, 1999; Miiller & Voss, 1999). Andrews et al.
(2000) were the first to analyse 8'°C and C/N in estuarine deposits from a C3 vegetated

catchment. They used 8°C and C/N values, together with additional geochemical

proxies, to identify environmental facies in Humber Estuary deposits in order to

calculate estuarine storage changes of carbon and nitrogen in the Holocene. However,
they gave no consideration to decompositional impacts on bulk sediment 5'°C and C/N

values, which may be of sufficient magnitude to complicate the use of $'°C and C/N as

geochemical ‘signatures’ of environmental facies. In addition, the coarse sampling

resolution (approximately 1 measurement per metre of sediment), although sutficient

for the aims of their study, means that the potential of 8'°C and C/N analysis in

9



detecting smaller scale environmental changes in estuarine deposits within C; vegetated
catchments is yet to be fully explored. &8“C and C/N analysis mayv also be used
etfectively in sea-level reconstruction studies. Hitherto in estuarine deposits, changes in
RSL are identified by changes in the microfossil assemblages. 8'°C and C/N analysis

may potentially represent a viable alternative for identifying RSL changes if

microfossils are absent or poorly preserved in the estuarine sediment record.

This thesis explores the potential of §'°C and C/N analysis of organic matter as an
alternative tool for reconstructing RSL and associated coastal palacoenvironmental

change in a UK estuary within a C; vegetated catchment. This is achieved by
comparing the $'°C and C/N record with, principally, the diatom record, but also the

pollen record, both of which are established coastal palaeoenvironmental indicators (e.g.

Denys & De Wolf, 1999; Waller et al., 1999). Comparing high-resolution diatom
records with high-resolution 8'°C and C/N records will allow an assessment of the
degree of sensitivity of 8"°C and C/N analysis 1n detecting small scale, as well as large
scale, diatom-inferred palacoenvironmental changes. This thesis also addresses the
issue of decompositional-induced changes in 8'°C and C/N values, and explores the
viability of using 8'°C and C/N as RSL indicators. A comprehensive 8'°C and C/N

survey of a modern saltmarsh and estuarine environment is also an important

component of this thesis. This 1s essential, in the first instance, to determine if any
relationship exists between coastal environments and 8'°C and C/N values, knowledge
of which will be invaluable for interpreting the Holocene 5°C and C/N record.
Furthermore, due to the range in saltmarsh morphology and estuarine hydrology, a

modern, site-specific, saltmarsh and estuarine 8°C and C/N survey should be a
prerequisite to any coastal palaeoenvironmental reconstruction utilising 5"°C and C/N

analysis.

Organic 8"°C and C/N analysis has the potential of becoming an important tool in
coastal palacoenvironmental research, as organic matter is present, in variable degrees,
in all coastal sediments, ensuring a continuous palaeoenvironmental record.
Furthermore, sediment 8'°C potentially remains unchanged over multi-million year time

periods (Meyers, 1994) and analysis of organic matter is free from some of the inherent

difficulties associated with microfossil analysis, such as poor preservation.



The availability of a suite of sediment cores taken by the British Geological Survey

(BGS) from Helsby and Ince Marshes, located in the Inner Mersey Estuary (Figure 1.1).

provides an opportunity to test the application of 8'°C and C/N in the field of coastal
palacoenvironmental reconstruction. It also offers an opportunity to reconstruct the
Holocene evolution of the Inner Mersey Estuary. Many detailed investigations into
Holocene RSL change have been conducted in the region to the north and to the south
of the Mersey Estuary (Tooley, 1974; 1978a; 1978b; 1985; Kenna, 1986; Innes er al..
1990; Huddart, 1992; Pye & Neal, 1993a; 1993b: Neal, 1993; Bedlington, 1994:
Gonzalez et al., 1996; Huddart et al., 1999a; 1999b). However, it 1s apparent through
efforts of correlation (Bedlington, 1994), and uncertainties regarding the degree of
control of site-specific tactors on coastal sequences, that these studies can be site-
specific. Therefore, a detailed local study 1s needed to elucidate the Holocene evolution

of the Inner Mersey Estuary in the context of regional changes in RSL.

Few investigations have been carried out into the Holocene evolution of the Mersey
Estuary. Tooley (1978a) obtained two radiocarbon dates trom Helsby Marsh: a
transgressive overlap date of 5,470 £ 155 '“C yr BP; and a regressive overlap date of
5,250 + 385 '*C yr BP (see Section 2.1.3.1 for information on terminology). Through
microfossil analysis, he was able to establish the height of RSL at 5,470 + 155 “C yr
BP and at 5,250 + 385 '*C yr BP, and he incorporated this information into his regional
RSL curve. The extensive intercalated peats, silts and clays of Helsby and Ince Marshes
offer a valuable opportunity to investigate, in more detail, the Holocene evolution of the
Inner Mersey Estuary in relation to isostatic and regional eustatic sea-level change, as
well as to pursue the application of carbon isotope and C/N analysis for the elucidation

of past coastal environments.

1.2 Specific aims and objectives

The specific objectives of this research revolve around two overall aims: firstly, to
investigate the potential of §'°C and C/N analysis as coastal palacoenvironmental and
sea-level indicators and secondly, to reconstruct the Holocene evolution of the Inner

Mersey Estuary. The specific objectives are:
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* To determine if any relationship exists between 8'°C, C/N and eround altitude

within the tidal frame.

* Toinvestigate whether specific coastal environments have distinctive ‘signature’

8'"°C and C/N values, allowing the use of §'°C and C/N analysis 1n 1solation to

distinguish coastal palaecoenvironments in the Holocene sediment record.

* To assess the accuracy of 8°C and C/N as coastal palacoenvironmental

indicators by comparison with the established technique of diatom analysis.

» To assess the viability of using "°C and C/N as RSL indicators

* To quantify the effects of organic matter decomposition on bulk §'°C and C/N

values.

* To adopt a multi-proxy approach to achieve an accurate and robust

reconstruction of the Holocene evolution of the Inner Mersey Estuary.

1.3 Research design

Plant and surface sediment 8'°C and C/N were measured along a modern inter-tidal to
sub-tidal transect at Ince Banks (Figure 1.1) to determine whether changes in 8'°C and
C/N are primarnly related to changes in ground altitude within the tidal frame, and

whether each distinctive inter-tidal environment has ‘signature’ 5"°C and C/N values.
Plant compound specific 8 °C and C/N analysis was also undertaken to quantify the

maximum expected shift in 8'°C and C/N values associated with decomposition.

High-resolution, multi-proxy (diatom, pollen, particle size, organic content) analysis of
Inner Mersey Estuary sediment deposits is used to establish the Holocene

palacoenvironments of this area, and to serve as a basis to assess, through comparnison,
the accuracy of 8'°C and C/N as coastal palacoenvironmental and sea-level indicators.
Two sediment cores have been analysed. One contains a tripartite peat sequence, with

intercalated sand, silt, clay and organic clay sediments. The second core investigated is

from a more seaward site. Clays, silts and sands dominate the deposits, with only a



single muddy peat horizon. These two contrasting cores were purposefully selected for
analysis in order to test the accuracy of 8°C and C/N in a range of coastal

environmental deposits. Chronological control for the two cores is provided by six

radiocarbon dates.

1.4 Study location and site description

The Mersey Estuary in north west England occupies one of several Pleistocene river
valleys cut into a basement of Carboniferous and Triassic rocks (Howell, 1973: Bathurst
& Brenchley 1975). The estuary extends from Warrington, where it receives freshwater
from the River Mersey, to Liverpool Bay, 47km to the west (Figure 1.1), and is divided
into four zones: the Upper Estuary, the Inner Estuary, the Narrows, and the Outer
Estuary. The Upper Estuary extends from the tidal limit at Howley Weir, Warrington,
to the Runcorn bridge, approximately 17km down stream. The Inner Estuary occurs
between the Runcorn bridge and Bebington. The Estuary reaches S5km in width here,
and this large, shallow basin dries out at low tide. Ince Banks, an extensive saltmarsh,
1s found on the southern shore of the Inner Estuary (Figure 1.1). The width of the
Estuary decreases to around 1km along the Narrows, a 10km stretch of water between
Bebington and New Brighton. The Narrows opens to the Outer Estuary at the Rock
Lighthouse at New Brighton and this merges with Liverpool Bay. The Mersey Estuary
1s unusual in the sense that i1t does not conform to the open funnel shape that is

characteristic of drowned macro-tidal estuaries (Hayes, 1975).

The majority of the freshwater entering the estuary is from the Rivers Mersey and
Weaver, which drain a catchment area of approximately 4,600km” (Shaw, 1975). The
Mersey Estuary is strongly tidal, and has a spring tidal range of 8.4m (Admiralty Tide

Tables, 2003). Consequently, the volume of water at high tide (35 X 10° Ml) 1s fifty
times that at low tide (0.7 x 10* MI) (WPRL, 1974), resulting in a pronounced marine

influence in the estuary. Land reclamation between 1800 and 1900 has resulted in the
loss of approximately 490ha of inter-tidal area in the Mersey Estuary (Davidson et al..
1991). Ince Banks remains the only extensive area of saltmarsh in the Mersey Estuary.
Even so, parts of the upper saltmarsh have been destroyed by the construction of the
Manchester Ship Canal between 1887 and 1893, which isolates the saltmarsh from the

mainland. Tidal heights on the saltmarsh have been inferred from those recorded at



Hale Head (Table 1.1). Only high tide levels are available as large areas of the Inner

Estuary dry out at lower tides.

Table 1.1. Tidal data at Hale Head, Inner Mersey Estuary.

HAT MHWS* ‘MHWN*  MLWN MLWS LAT

6.1m OD 4.9m OD 2.9m OD Dries out Dries out Dries out

"nterpolated (David Blackman, Proudman Oceanographic Laboratories, pers. com.)

* Admiralty Tide Tables (2003)

Thick accumulations of unconsolidated Holocene sediments are preserved in lowlands
flanking the southemn banks of the Inner Mersey Estuary (Tooley, 1978a). As a result,
this area has been selected for coring by the BGS as part of a large investigation into the
environmental evolution of the Mersey Estuary (BGS project title: Coastal and
Estuarine Evolution; project code: ESB85900074). Cores were taken from Helsby
Marsh and the more seaward Ince Marshes in summer 2000. Additional cores were

taken by the BGS in summer 2003 from Ince Banks.

1.5 Thesis structure

Chapter 2 outlines the developments in RSL reconstruction methodology and reviews
the advantages and disadvantages of diatom analysis, which is the principal microtossil
indicator used in the current study. The second part of Chapter 2 focuses on previous
8'°C and C/N work. Chapter 3 provides an overview of global sea-level change since
the Last Glacial Maximum, the principal driving mechanism of coastal evolution up to
the Mid Holocene, together with empirical evidence of RSL change and associated
coastal evolution of north west England coastlines. Chapter 4 details the field and

laboratory methods employed in this study. Results and interpretation of the modern

Ince Banks and Mersey Estuary 5'°C and C/N survey are given in Chapter 5, whilst the
results of the multi-proxy analysis of the sediment cores from Helsby Marsh and Ince
Marshes are presented in Chapter 6 and the interpretation in Chapter 7. Chapter 8
assesses the potential of 8°C and C/N analysis as coastal palaecoenvironmental
indicators and evaluates the Holocene evolution of the Inner Mersey Estuary in the

context of regional driving mechanisms. The chapter ends with concluding remarks.



Chapter 2
Coastal Reconstruction Methodology and Techniques

2.1 Coastal Reconstruction Methodology

2.1.1 Introduction

The methodology of reconstructing Holocene RSL and associated coastal
palacoenvironmental change has been subject to significant refinement during the
previous two decades. Workers employing disparate reconstruction methods, a limited
consideration of the sources of error, and use of conflicting terminology played no small
part in the failure to attain the goals of International Geological Correlation Programme
(IGCP) Project 61, the principal aim of which was to construct a graph of ‘eustatic’ sea-
level change during the last 15,000 years. The deficiencies in the methodology of sea-
level reconstruction, highlighted during IGCP Project 61, has since been addressed.
The subsequent emplacement of a fundamental methodological framework has
facilitated comparison of sea-level records from different areas, leading to a greater
appreciation of ditfering rates of Holocene isostatic recovery between sites. Further,
with a sound and universally accepted methodology and the increasing refinement of
research techniques, it 1s now becoming possible to apply the science of coastal
environmental reconstruction to help resolve some of the most pressing and challenging

1ssues regarding the possible impacts of our presently changing climate.

2.1.2 Modern coastal environments and sediment deposits

Holocene sediment deposits are often well preserved in sheltered, low-energy and tide
dominated coastal environments, where they may be protected from high-energy waves,
commonly experienced by environments at the open coast. Theretore, sediment
accumulations in estuaries, lagoons, bays, inlets, rias, and isolation basins ofter the
greatest opportunity to investigate climate, sea-level and land-level changes, as well as
more local scale changes throughout the Holocene. The sediment characteristics of tide
dominated environments, such as organic content (Long er al., 1999b), particle size
(Tanner, 1991), architecture (Stupples, 2002), geochemistry (Freitas er al, 2003),
1sotope geochemistry (Malamud-Roam & Ingram, 2001), Iuminescence properties

(Plater & Poolton, 1992) and biotic content, for example pollen (Innes er al., 1996),



diatoms (Zong & Horton, 1998), foraminifera (Horton, 1999), testate amoeba (Charman

et al., 2002), ostracods (Peypouquet, 1979-80) and plant remains (Bhiryv ez al.. 2000) are

often significantly related to altitude within and above the tidal frame.

Supra-tidal zone deposits, defined as freshwater organic or minerogenic sediments
deposited in an environment influenced by tidal movement (Hageman, 1969), are
characterised by fluvial deposits flanking the lower tidal reaches of rivers. freshwater
mud deposits from ponded freshwater, and topogenous peat deposits from fen, fen carr
and bog communities (Godwin, 1940). Changes in RSL may affect the water table,
nutrient status and pH of the environment, thus significantly influencing vegetation
species assemblages. By identifying the supra-tidal zone in the sediment record from
the occurrence of freshwater fen or acidic bog pollen assemblages and freshwater
diatoms species, conclusions may be drawn on the approximate position of RSL.
However, other allogenic factors, such as climate and land use, as well as autogenic
succession, which would also lead to changes in nutrient status, pH status and exposure
to freshwater, exert equal authority over the spatial and temporal development of supra-
tidal vegetation communities (Waller ef al., 1999). Nevertheless, analysis of supra-tidal

sediments has contributed greatly to the elucidation of RSL. movement (e.g. Hageman,

1969; Godwin, 1978).

Mudtlats and saltmarshes inhabit the inter-tidal zone of sheltered, low-energy coastal
environments in the temperate and high latitudes (Chapman, 1977; Eisma, 1998). The
formation and characteristics of individual mudflats and saltmarshes, for example
vertical range, grain size, organic content and vegetation species and patterns, 1S site
specific, but a generalized overview of mudflat and saltmarsh formation i1s possible for
most parts of Britain (Allen & Pye, 1992). Minerogenic sediments are principally
received from the semi-diurnal tide. Fine sand and silt particles are deposited on the
mudflats and sandflats, whilst flocculated clay particles are deposited on the landward
reaches of the mudflat during slack high water. The increase in deposition rates on the
landward reaches of the mudflat, an outcome of low velocities coupled with the process
of settling lag (Postma, 1967), result in its elevation within the tidal frame and
consequent reduction in tidal flooding duration and frequency. Colonisation by
halophytes, species of Salicornia or Spartina for example, further encourages

sedimentation. Progressive elevation of the saltmarsh and consequent further reductions
é
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in flooding duration and frequency result in a succession to middle marsh species. such

as restuca rubra and Juncus gerardii, and then to higher marsh species, such as Rumex

crispus and Triglochin palustre (Gray, 1992).

Elevation within the tidal frame is therefore a significant controlling factor of vegetation
type, giving rise to a zonation of vegetation species from salt tolerant species on the low
saltmarsh to progressively more salt intolerant species on the upper saltmarsh. This
zonation applies also to diatoms (Oppenheim, 1988; Nelson & Kashima, 1993:
Hemphill-Haley, 1995; Zong & Horton, 1998), foraminifera (Scott & Medioli, 1978:
1980; Jennings et al., 1995; Horton, 1999; Horton et al., 1999) and testate amoebae
(Charman et al., 1998; 2002), where certain species assemblages are found in each

Z0ON¢E.

2.1.3 Relative sea-level and coastal reconstruction methodology

The identification of sub-tidal, inter-tidal and supra-tidal deposits in the Holocene
coastal sediment record using macro- and microfossils contained within the sediments is
fundamental to the elucidation of Holocene coastal palaeoenvironments and associated
RSL. However, during a large international scientific collaboration programme,
International Geological Correlation Programme (IGCP) Project 61, it became apparent

that the tield ot RSL reconstruction lacked a robust, unified methodology.

IGCP Project 61 ‘Sea-level movements during the last deglacial hemicycle (about
15,000 years)’ ran from 1974 to 1982. Its principal aim was to construct a global sea-
level (eustatic) curve from approximately 15,000 years to the present by compiling RSL
data from sites around the world (Tooley, 1982a). It was anticipated that comparison of
RSL records would allow an insight into isostatic variations and the relationship
between climate change, global ice-budget fluctuations and the response of sea-level.
Bloom (1977) compiled and published RSL curves from sites around the world.
However, with an inconsistent methodology of RSL reconstruction adopted by workers,
comparison of RSL curves for different sites was difficult. Furthermore, an inconsistent
terminology for describing changes in lithostratigraphy and RSL also impeded between-
site correlation, and a limited consideration of the sources of error resulted in Holocene
RSL curves of varying accuracy. Such problems were subsequently addressed (Section

2.1.3.1) but it was the realisation of differences in the geodetic sea-level over geological
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time (Morner, 1976) that essentially ended efforts to construct a globally valid eustatic

sea-level curve (Section 3.1).

2.1.3.1 Methodological improvements generated by Project 61

Terminology

In an effort to introduce a formally accepted terminology, Tooley (1982b) proposed the
use of the terms ‘transgressive overlap’ and ‘regressive overlap’ to describe

lithostratigraphic changes. He suggested that a transgressive overlap should refer to a

change in sedimentation from terrestrial facies to littoral facies and then successively to
inner, middle and outer neritic facies, whilst a regressive overlap should refer to the

successive replacement of outer, middle and inner neritic facies by littoral and terrestrial

facies.

Sea-level index age, altitude, and indicative meaning

Errors in determining the altitude of a sea-level index (SLI) point may be introduced
during several stages of measurement. The accuracy of measurement of depth in a
borehole, for example, may be compromised by its angle and also by sediment
compaction induced through coring (Shennan, 1982). Further, a single borehole may or
may not reflect accurately the altitude of underlying former surfaces, which will
inherently depend on the terrain roughness of such surtaces. The accurate
determination of altitude of the former terrain surface will be influenced, theretore, by
terrain roughness and borehole density (Shennan, 1982). Errors may also be introduced
when levelling. Indeed, aside from errors incurred from levelling the borehole site to a
local benchmark, differences in height between local benchmarks and the national
geodetic datum in Newlyn may be *0.15m for England and Wales (Eady, 1976).
Tooley (1978a) recommended that radiocarbon dates should be independently
corroborated by pollen analyses. Comparison of the local pollen assemblage of the

sample to a radiocarbon dated, regional pollen assemblage record will in many cases

determine if a radiocarbon date should be accepted or rejected.

The indicative meaning of a SLI point is the relationship between the environment In
which it accumulated and a reference water level, whilst the altitudinal range that this
indicator may have occupied, either above or below the reference water level, 1s known

as the indicative range (van de Plassche, 1986). The indicative meaning and indicative



range of sediments and flora and fauna are known for tidalflats and saltmarshes from
modern surveys (Section 2.2.3). However, reclamation of parts of the high saltmarsh
and modification of the supra-tidal zone in most coastal areas of Europe (Ranwell,
1974) greatly limits the opportunity to investigate the relationships between the flora
and fauna of these environments, their sediments and associated tidal parameters.
Nevertheless, based on published research, Shennan (1980; 1982) has related commonly
dated SLI point materal to reference tide levels, together with its indicative range. By
dating the level at which a change in the sedimentary environment occurs, apparent by
changes in microfossils assemblages (Long, 1992) and/or stratigraphy, the indicative
range may be reduced. More recently, research into the ecology and environmental
associations of biota in the inter-tidal zone has enabled quantitative relationships
between flora and fauna assemblages and tidal levels to be established. The greater
accuracy of the indicative meaning of several sea-level indicators (Horton, 1999; Zong
& Horton, 1999; Charman et al., 2002) has allowed the reconstruction of palaeotidal

levels with increased precision (e.g. Zong & Horton, 1999).

Correlation

SLI points from a single site will record local, site-specific processes such as changes in
the availability of sediment and autocompaction, as well as registering larger scale
processes such as RSL change. Coupled with consideration of the inherent errors
discussed above, SLIs from a single site will be unable to distinguish between locally
induced and regionally induced palacoenvironmental change. Intra-regional correlation
and comparison of SLIs is necessary before a positive or negative tendency of sea-level
movement, that is, an increase or decrease in marine influence (Shennan, 1983), may

become apparent (Shennan et al., 1983). Only then can hypotheses, such as evidence of

a regional change in the altitude of RSL, be tested.

A consequence of the allowance for altitude and dating errors in an effort to generate
more robust and realistic time/altitude graphs (e.g. Heyworth & Kidson, 1982) is that
the resultant broad sea-level envelope renders the correlation of time/altitude graphs to
identify regional-scale processes impractical. Correlation of RSL records based on the
tendency concept allows a more precise and robust alternative (Shennan er al., 1983).
This involves combining and plotting the radiocarbon dated SLIs from all sites within a

region, after distinguishing between transgressive and regressive overlap SLls. The



clustering of SLIs indicates a region-wide sea-level tendency, with the date of the
regional tendency constrained by the oldest and youngest SLIs (e.g. Tooley. 1982b).
The great advantage of this approach to intra-regional correlation is that it is dependent
entirely on chronostratigraphic correlation, and is therefore free of the errors associated
with altitude (for example, compaction, indicative range, errors in measuring altitude).
which prevents time/altitude graph comparisons. In addition, the registration of positive
tendencies at similar times in areas with opposing isostatic recovery, for example, may
indicate changes in sea-level of wider significance (Shennan et al., 1983). There are
some disadvantages of this technique, however. For example, Long (1992) found that
the lithological registration of a positive sea-level tendency may lag the associated
change in microfossil assemblages by around 400 '“C years. This has implications for

constraining the onset of a sea-level tendency.

2.1.4 Remaining challenges
Irrespective of the advances in methodology outlined above, the fundamental problems
of sediment autocompaction and a general lack of information about palaeotidal range

changes during the Holocene, limit the accuracy of RSL reconstructions.

Autocompaction

The degree of autocompaction, a process in which the vertical thickness of
unconsolidated sediments is reduced under self-weight (Allen, 1999), is largely
dependent on the sediment characteristics and thickness (Greensmith & Tucker, 1986)
and is extremely difficult to quantify (e.g. Paul & Barras, 1998; Allen, 1999). For this
reason, the inevitable distortion of the original altitude of SLIs due to autocompaction 1s
acknowledged but not corrected for in many Holocene sea-level studies. Moreover, not
only does autocompaction introduce significant errors into the altitude component of
time/altitude graphs constructed using intercalated organic sequences (e€.g. intercalated
SLIs were displaced by up to 1m in a study by Gehrels (1999)), but it may greatly
inhibit the accurate calculation of the rates of RSL change (Allen, 1999). The
construction of time/altitude graphs based solely on the analysis of basal peats (e.g.
Jelgersma, 1961; Tornqvist et al., 1998; Gehrels, 1999), which are independent of

autocompaction, offer the best solution in accurately determining the former altitude of

RSL.
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Palaeotidal range

T'imef/altitude graphs usually depict the trend of MHWS (e.g. Long er al., 1998). with
the onset of organic sedimentation and significant changes in the microfossil
assemblages associated with this tidal level, allowing its perception in the sediment
record (Tooley, 1969). Local sea-level reconstructions, which, in reality are often
MHWS reconstructions, may only be directly comparable if changes in the palaeotidal
range are accounted for. Until relatively recently, the lack of adequate techniques to
identity and quantify Holocene palaeotidal range changes have necessitated the

assumption ot a constant tidal range when attempting to interpolate MSL (e.g. Tooley,

1974).

The elucidation of palaeotidal range based on sedimentological and numerical modeling
1s now possible. For example, Roep & Beets (1988) reconstructed Mid and Late
Holocene palaeotidal range using the difference between MHW and MLW sediment
indicators from shoreline pit exposures in the western Netherlands. Additionally.
Holocene palaeotidal range has been computed using sophisticated models (e.g. Gehrels
et al., 1995; Shennan et al., 2000b), which require detailed knowledge of the changes in
coastal geometry. All of these studies have shown that palaeotidal range has not
remained constant throughout the Holocene. Untfortunately, MLW sediment indicators
are not always well preserved or apparent in the sediment record, theretore preventing
sediment-based palaeotidal reconstructions for many coastlines. Moreover, the detailed
knowledge of changes in coastal geometry required for numerical model-based
palacotidal range reconstructions is only possible from comprehensive
palacogeographical reconstructions (e.g. Shennan et al., 2000b), which 1s beyond the
scope of many local sea-level studies. Nevertheless, the elucidation of palaeotidal range
remains essential to facilitate Holocene sea-level record comparisons and to better

constrain glacio-hydro-isostatic models (Shennan et al., 20000b).

2.2 Diatom analysis

2.2.1 Introduction

Diatoms are microscopic, unicellular plants belonging to the algal class
Bacillariophyceae that secrete a silicious shell, or frustule, composed ot two valves held

together by girdle bands (Round er al., 1990). They are abundant in all aquatic
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environments that have sufficient light (Dixit ef al., 1992) and range in size from less
than Ipum to up to 2mm (Denys, 1984). It is the characteristic size and frustule
ornamentation of diatoms that aids their identification, usually to species level. Within
the field of palaeoenvironmental reconstruction, diatom analysis has assumed a
prominent position. Diatoms respond rapidly to environmental change because they
migrate and replicate rapidly (Dixit et al., 1992). Further, many species are sensitive to
environmental conditions and have narrow optima and tolerances for a range of
environmental variables, including salinity, pH and temperature. Consequently, diatom
analysis has been successfully applied to elucidate coastal palacoenvironments and RSL
changes (Denys & De Wolf, 1999), lake acidification (Birks et al., 1990) and past ocean
surface water temperatures (Sancetta, 1999). A further advantage is the high
preservation potential of diatoms in the sediment record, due to their opaline, silicious,
cell walls which are relatively resistant to chemical alterations after burial (Palmer &
Abbott, 1986). Together with their occurrence in high numbers, these factors mean that

quantitative environmental reconstructions to a high degree of certainty are often

possible (Dixit et al., 1992).

2.2.2 Life form

Diatoms may be subdivided into planktonic and benthic groups. Planktonic diatoms
metabolise and reproduce in the water column, whilst benthic diatoms undergo all, or
most, of their life cycle associated with sediments (Round, 1971). Diatoms may be

further subdivided into different habitats, which describe the spectra of diatom life

forms (Table 2.1).

2.2.3 Modem coastal zonation

Hendey (1964) recognises three main diatom zones from studies around the British
coastline: the sub-littoral; littoral and supra-littoral, in which many diatom species are
sensitive to particular environmental conditions, including salinity and duration of
inundation. Diatom sensitivity to salinity has long been documented (Kolbe, 1927) and
several salinity classification systems have been proposed (e.g. Kolbe, 1927; Hustedt,
1953; 1957; Van der Werff & Huls, 1957-1974). Indeed, the salinity gradient apparent
along the main axis of an estuary is often the most influential environmental vanable
affecting diatom assemblage distribution in estuarine environments (Amspoker &

Mclntire, 1978; Juggins, 1992). Admaraal (1977), however, demonstrated that umalgal
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diatom cultures and mixed populations from inter-tidal flats were highly tolerant when
exposed to extreme salinity ranges of between 4%c¢ and 60%c. Consequently, the
euryhaline behaviour displayed by these diatoms questions the accuracv of salinity
classifications systems. In the field, competition for resources between species may be
compounded by physio-chemical conditions, such as salinity. Isolating just one
environmental variable, therefore, is perhaps unrepresentative of a more complex
reality.  Moreover, although the limitations of such salinity classifications are
acknowledged, Petersen (1943) found Kolbe’s (1927) halobian system to be a fairly

accurate estimate of salinity when applied to water of known salinity.

Table 2.1. Prncipal habitat of diatoms (adapted from Round (1971) and Vos & De
Wolf (1993a)).

Life form Description of habaitat

Plankton sensu stricto  live in the water column
Planktonic  Tychoplankton occur frequently 1n water column but also

related to other habitats

Epiphytic growing attached to other plants
Epipelon growing on mud (sediments)
Endopelon growing within the sediment

Benthic Epipsammon growing attached to sand grains
Epilithon growing attached to rock surfaces
Endolithon growing within cavities ot rock
Epizoon egrowing attached to animals
Aerophilous live in irregular tlooded areas

In the inter-tidal zone, diatom species assemblage is principally controlled by ground
elevation within the tidal frame (Zong & Horton, 1998). Varying frequency and
duration of tidal inundation as a consequence of ground elevation results in sediment
physio-chemical gradients of desiccation, particle size, organic content, water content,
pH, salinity and illumination, all of which have varying degrees of influence on diatom

species and result in characteristic assemblages. Indeed, contemporary diatom surveys
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along transects from tidalflats to high saltmarshes at various locations in the US (Nelson
& Kashima, 1993; Hemphill-Haley, 1995; Shennan ez al., 1996: Patterson. e al., 2000).
Japan (Sawai, 2001) and the UK (Oppenheim, 1988; Zong, 1997: Zon g & Horton, 1998.
1999) distinguish tidalflat, low saltmarsh and high saltmarsh zones. In general, the
tidaltlat zone is characterised by marine brackish epipsammon and epipelon diatom
communities that dominate the sandflats and mudflats respectively (Vos & De Wolf.
1993a), together with marine planktonic and tychoplanktonic forms brought in from the
tide, which may cover this part of the inter-tidal area daily. The low saltmarsh area.
with 1ts sparse vegetation and frequent periods of exposure, is characterised by epipelic
species, with some epiphytes (Zong & Horton, 1998). Tidal inundation is infrequent
and of short duration in the high saltmarsh environment. Here, long periods of exposure
make high saltmarsh environments prone to desiccation, which explains the high
occurrence of marine brackish and brackish freshwater aerophilous forms found in this
environment (Vos & De Wolf, 1993a). With dense vascular plant cover and fine

particle sizes, epiphyte and epipelon life forms are also abundant (e.g. Zong & Horton,

1998).

2.2.4 Autochthonous and allochthonous diatoms

Large volumes of water are frequently displaced at the coastline under tidal and riverine
influence. The capacity for the introduction of allochthonous (transported) diatom cells
and frustules 1s theretore significant. Rivernine and marine-derived plankton and
tychoplankton diatoms may be washed into an estuary and deposited in inter-tidal areas.
A diatom assemblage therefore retlects autochthonous (benthic), as well as
allochthonous (planktonic and tychoplanktonic) environmental conditions. Sawai
(2001) compared living and dead diatom assemblages for several marsh inter-tidal areas
and found that whilst the upper saltmarsh contained few allochthonous valves, the low
saltmarsh contained many and essentially represented a mixed assemblage of
allochthonous and autochthonous forms. This was attributed to higher trequencies of
tidal processes experienced at this elevation. Indeed, a high abundance of planktonic
and tychoplanktonic diatom frustules is a common component of low saltmarsh and
tidalflat areas (Hemphill-Haley, 1995). The presence of allochthonous diatom valves
and frustules has obvious implications. Failure to distinguish allochthonous from

autochthonous forms may compromise the accuracy of subsequent palacoenvironmental

Interpretations (Section 2.2.6).
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2.2.5 Application to Holocene coastal palacoenvironmental reconstruction

In the coastal environment, substrate and salinity constitute two of the most influential
variables with regard to diatom species distribution (Kosugi, 1987). Based on extensive
literature surveys and supplemented by research carried out on the coastal deposits of
the Netherlands, De Wolf (1982) assigned an ‘ecological code’ to many common]y
occurring coastal diatom species. The code for each individual species contained
information on life form (Table 2.1) as well as salinity (Table 2.2), pH, nutrient status,
temperature, tides and current velocity that characterise the environment in which the
diatom species 1s often found. Similarly, ecological codes were presented for
freshwater diatoms from the Netherlands (Van Dam er al., 1994) and for diatoms

commonly encountered in the coastal deposits of Belgium (Denys, 1991-2).

Table 2.2. Salinity classification used in coding diatoms (De Wolf, 1982) based on the
halobian system of Hustedt (1957).

_Salinity classification Salinity boundaries
Polyhalobous >30 %o
Mesohalobous 0.2%0 to 30 %o

Oligohalobous halophilous  Optimum 1n slightly brackish water
Oligohalobous indifferent Optimum 1n freshwater but tolerant of slightly brackish
water

Halophobous Exclusively freshwater

Based on life form and salinity, Vos & De Wolt (1988) combined diatom species 1nto
ecological groups. The relative abundance (%) of ecological groups represented 1n a
fossilised diatom assemblage is related to specific coastal sedimentary environments
(Table 2.3). This method was further developed and refined by Vos & De Wolt (1993a)
who named the ecological groups after the basal factors of life form and salinity, for
example, freshwater epiphytes. This method allows a more complete coastal
palaecoenvironmental reconstruction (e.g. Plater & Shennan, 1992; Vos & De Wollt.
1993b; Zong, 1997; Spencer et al., 1998) than would otherwise have been the case

based on salinity alone.
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This method, however, has been developed based on the relationships between diatom

ecological groups and associated palacoenvironments for the Netherlands coastal zone.
The tidal range of much of the Netherlands coastline is thought to have evolved from a
microtidal range (<2m according to Davies, 1964) during the Earlv and Mid Holocene,
to the present mesotidal range (2m to 4m according to Davies, 1964) (Vos & van
Kesteren, 2000). Today, the coastal environments of the Mersey Basin are associated
with a macrotidal range (>4m according to Davies, 1964). Changes in the Holocene
tidal range of most coastlines, including those of north west England, are largely
unresolved. Consequently, RSL reconstructions are often forced to assume a constant
tidal range. In reality, this may not be the case and Plater et al. (1999) have suggested,
although tentatively, that coastal sediment deposits of the Mersey Basin may have
formed under mesotidal range conditions at some time during the last 6,000 '*C yrs BP.
Caution must be exercised, theretore, when using the diatom ecological groups of Vos
& De Wolt (1988; 1993a), which relate characteristic diatom assemblages to
palacosedimentary environments formed under microtidal and mesotidal range

conditions, to infer palacosedimentary environments formed under macrotidal range

conditions.

Zong & Horton (1999) have successfully reconstructed Late Holocene palaeotidal
heights of greater accuracy by developing a diatom-based, tidal-level transter function,
which statistically relates contemporary diatom assemblages to tidal levels. The
increasing accuracy of palaeotidal-level reconstructions using diatoms 1s necessary to
quantify small-scale changes in RSL during the Late Holocene, where there are no
significant changes in lithology such as those witnessed during the Early Holocene
(Tooley, 1974). Investigation of Late Holocene coastal deposits may provide important
information regarding the relationships between climate, RSL and coastline response,
with important implications for coastal zone management. Increasing reliance 1s
therefore placed on analysis of microfossils that must be sensitive to subtle changes in
elevation (Zong, 1997). Indeed, it has been demonstrated that diatoms are the most

sensitive proxy indicator of elevation change in the inter-tidal zone (Gehrels et al.,

2001).



2.2.6 Taphonomic considerations

The death assemblage of diatoms will contain information about the environment in
which it was deposited, which may be derived from the autochthonous assemblage, as
well as details of the surrounding environment, derived from the allochthonous
assemblage (Section 2.2.4). Vertical transport of diatom valves within the sediment
column may also introduce an allochthonous component to an assemblage. Although
details of vertical transport are poorly understood (Beyens & Denys, 1982), it is
believed that percolation of precipitation, especially in coarse sediments, may displace
valves in the sediment record. Reworking due to water currents or bioturbation may

also disturb recently deposited valves.

[dentification of the autochthonous component of an assemblage is one of the most
important aspects of any microfossil palaeoenvironmental reconstruction (Vos & De
Wolt, 1988) as only the autochthonous assemblage provides information about the local
palacoenvironment of interest. Several procedures have been introduced to aid
identification of allochthonous valves. By definition, the benthic diatom assemblage
should represent the autochthonous component (Vos & De Wolf, 1988) and Simonsen
(1969) argued that benthic species only should be used to derive palaeoenvironmental
information. The allochthonous component in a sediment sample, however, may
provide valuable information on the physical and hydrographical palaecoenvironment
(Beyens & Denys, 1982). Beyens & Denys (1982) argued that 1dentification ot the
‘optimal group’ based on the dominant salinity group of the benthic diatom assemblage,
together with its ‘nearest neighbour’ salinity groups, constitutes the autochthonous
component. Such an approach disregards the euryhaline taxa, which may form an
important component of the diatom assemblage (Juggins, 1992). High fragmentation of
diatom valves in a sample is also an unreliable approach to identifying the
allochthonous component. Breakage of diatom valves may indeed result from transport
(Vos & De Wolf, 1988; 1993a), but may also result from sediment compaction and
predation (Beyens & Denys, 1982) and even careless slide preparation (Flower, 1993),

all of which may have a greater effect on larger, less silicified valves.

Vos & De Wolf’s (1988; 1993a) classification of ecological groups (Section 2.2.5) can
help to distinguish the autochthonous component. For example, if both marine and

freshwater ecological groups are represented in a single assemblage, then one of the
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ecological groups must be allochthonous. Further, the sedimentary sequence should
exhibit a succession of the ecological groups. As Shennan (1986, p. 157) states,
‘Sequences which occur comformably in a stratigraphic section reflect a change 1n
environments which are spatially adjacent’. Vos & De Wolf (1988: 1993a) also suggest
several non-diatom related criteria that may be useful in distinguishing the
allochthonous component. In terms of sediment composition, for example, the presence

of epipsammic species in heavy clays will represent the allochthonous component due

to the absence of a sand substrate (Vos & De Wolf, 1988; 1993a).

Dissolution of diatom valves is a further problem that may jeopardise the quality of
palacoenvironmental inferences. Diatom dissolution rates, which may be enhanced by
the presence of iron oxides in the sediments, for example, (Mayer et al., 1991), have
seldom been quantified for different species (¢f. Ryves et al, 2001). Preferential
dissolution of certain species may seriously bias subsequent palaeoenvironmental
interpretations (Hemphill-Haley, 1995; Innes et al., 1996; Kato et al., 2003) and so
more research into this area 1s needed. In a sediment trap and surface sediment study in
Omura Bay, Japan, a severe loss of planktonic diatom frustules was found to occur at
the sediment-water interface because 