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Salt marsh substrate composition and responses to applied stress

Helen Yvonne Brooks

Abstract

Salt marshes provide a variety of ecosystem services, including habitat provision, pollu-
tant storage and attenuation of waves and currents. As such, understanding the resistance of
the marsh sedimentary platform to erosion is important, particularly as marsh edge erosion
is common on many shores. This resistance is likely to be strongly influenced by marsh
biological, geochemical and sedimentological/geotechnical properties. Currently there is
little systematic research into the within- and between-marsh variability in these properties
and how they affect both marsh edge and marsh surface erosion processes.

This thesis compares Tillingham marsh, eastern England, where the sediment is clay/silt-
dominated and the marsh canopy is species-rich, to Warton marsh, Morecambe Bay, NW
England, where the sediment is sand/silt-dominated and the vegetation species-poor. Soil
shear strength and compressibility are determined by applying geotechnical methods which
have not previously been applied to salt marsh environments to determine marsh resistance.
These results are compared to commonly-used in situ methods for determining substrate
strength, and then variations in substrate strength and compressibility are linked to measured
variations in marsh composition. This research finds that particle size is a key control
on marsh resistance to particle detachment, with root- and organic content providing an
important secondary influence on marsh resistance, particularly to bulk failure processes.
By comparing the angle of internal friction measured by shear box and ring shear tests, this
research is able to isolate the influence of roots on substrate shear strength.

This research enhances understanding of the links between marsh substrate composition
and marsh substrate behaviour under applied stress. By linking this knowledge of how marsh
composition affects marsh stability to marsh erosion processes and rates, this research sheds
light on key determinants of marsh resistance to edge erosion, and thus improves our ability
to predict future erosion, which is ultimately essential for the informed implementation of
both nature-based coastal flood defences, and coastal restoration schemes.
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Glossary

These key terms follow the same meanings throughout the thesis, as detailed below. Defini-
tions followed by an asterisk are based on definitions given in Head (1981).

Substrate: The combination of biotic and abiotic components which constitute the unit of
material. In most cases in this thesis this ‘material’ is that taken from a given tidal flat or
marsh location.

Angle of shearing resistance; ϕ’: The soil shear strength component arising from inter-
particle friction.

Apparent cohesion*; c’: The soil shear strength when exposed to neither normal stress nor
confining pressure.

Erodibility: The susceptibility of substrate particles and aggregates to detachment, in this
case usually as a result of shear stress applied by water, or the impact force applied by water.

Failure*: The point at which continual shear deformation commences under a constant or
reducing shear stress.

Geotechnical properties: The engineering behaviour of the substrate, including drained and
undrained shear strength, compressibility and consistency limits. This particularly reflects
the behaviour of the substrate in response to physical stress.

Landform stability: As in stability, but also the ability of the marsh surface elevation to keep
pace with sea-level rise over annual-decadal timescales.

Normal force: A force acting perpendicular to a plane.

Residual strength*; τ r: The shear resistance which a soil is able to maintain when subjected
to shear displacement after the peak strength has been reached.



xxxiv Glossary

Resistance: The ability of the bulk substrate to withstand driving forces, particularly hydro-
dynamic forcing.

Sample: A bulk, core or undisturbed mass of substrate, which represents the properties of the
substrate from which it was taken.

Shear resistance: The resistance of a soil to deformation when subjected to a shear stress.

Shear strength*; τ f: The maximum shear resistance provided by a soil under a pre-defined
effective pressure and drainage. Synonymous with ’peak strength’.

Specimen: A small portion of the substrate, which has been trimmed from a larger sample.

Substrate stability: The relationship between marsh substrate resistance and the magnitude
and frequency of forcing (e.g. hydrodynamic). A substrate is stable if the resistance exceeds
the forcing.

Undrained shear strength*; cu: The shear strength of a soil under undrained conditions. For
example, this can occur immediately after stress application and therefore before drainage of
water can take place.



Chapter 1

Introduction

1.1 Rationale

1.1.1 The nature and importance of salt marshes

Salt marshes are globally-distributed, vegetated intertidal wetlands. In North West Europe,
they are generally found at elevations between the highest astronomical tide (HAT) and the
mean high water neap (MHWN) tide levels (Adam, 2002). Elevational ranges vary with tidal
setting, which can range from micro- to macrotidal regimes across all latitudes (Friess et al.,
2012b). Marshes are often located in estuaries, behind barriers (‘back-barrier’ marshes), or on
open coasts either exposed to low hydrodynamic energy or fronted by extensive, dissipative,
tidal flats (Allen, 2000). Salt marsh platforms can be composed of a whole spectrum
of sediment types. For example, while marshes in the USA are highly organic, those in
North West Europe are predominantly minerogenic. The substrate composition depends
on the relative importance of autochthonous inputs (in situ plant debris) and allochthonous
inputs (that which is transported to the marsh). This thesis is concerned with northwestern
European, particularly UK, marshes, so the focus of the thesis is on those studies conducted
on minerogenic marshes, except where otherwise mentioned.

Salt marshes provide important regulating, provisioning and cultural ecosystem services
(Boorman, 1999; Foster et al., 2013; Spalding et al., 2014). They sequester carbon (Mueller
et al., 2019; Rogers et al., 2019), immobilise pollutants (Crooks et al., 2011), filter water
(Mitsch and Gosselink, 2015) and provide cultural services (Himes-Cornell et al., 2018).
The highly productive marsh ecosystem may export significant quantities of biomass and
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nutrients to the surrounding area (Charles and Dukes, 2009) and provides habitats for diverse
flora and fauna (Barbier et al., 2011; Spencer and Harvey, 2012).

Marshes also provide a hazard regulation service. Although energy exposure (in terms
of units of hydrodynamic energy per unit time) is usually low in marsh settings, marsh
surfaces have been shown to be efficient storm surge current and wave dissipaters during
infrequent higher energy events, based on flume experiments and modelling (Loder et al.,
2009; Möller et al., 2014; Moller and Christie, 2018). This lowers the risk of flooding to
landward of the marsh and coastal erosion during such events (Beaumont et al., 2008) and
reduces maintenance costs of any landward-lying flood protection structures. As such, salt
marshes and tidal flats have a nature-based coastal defence value and, in many locations,
constitute part of coastal flood and erosion protection schemes. For example, where salt
marshes front an engineered sea wall, levee or dike, in a ‘hybrid’ engineered and nature-based
coastal protection scenario (e.g. Temmerman et al., 2013; Möller et al., 2014; Vuik et al.,
2016), the flood protection provided depends on the combined influence of the artificial
structure and also the width and elevation of the salt marsh.

The flood protection also results from the vegetation and bed roughness, which increase
friction and therefore dissipate the water’s energy. Both the width/elevation of the marsh
and the presence of vegetation result from the balance between deposition and erosion.
Historically, most salt marsh geomorphology literature focused on deposition (e.g. Reed,
1988) but, in recent decades, there has been increased attention to the erosion of these
landforms. Nevertheless, this literature has mainly focused on the driving forces behind
erosion (e.g Leonardi and Fagherazzi, 2014) and less on the resistive properties of the
substrate. There is therefore a need to understand the factors controlling the resistance of salt
marsh substrates.

Despite legislative and policy frameworks aimed at protecting marshes (e.g. Lawton
et al., 2010; Ramsar Convention Secretariat, 2016), marsh areas are declining on many of the
world’s shores (Crooks et al., 2011; Blankespoor et al., 2014; Spencer et al., 2016) including
at the regional scale of northwestern Europe (Cooper et al., 2001; Van der Wal and Pye, 2004;
Baily and Pearson, 2007). This widespread area loss has raised important questions regarding
the future maintenance of these systems and the ecosystem services that they support. As
such, it is important to understand how and why marshes erode and how marsh stability may
change in the future.

Future marsh areal loss is particularly of concern, given recent studies which have
shed light on the impacts of future sea-level rise (Schuerch et al., 2018), and changes
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in temperatures and precipitation patterns (Charles and Dukes, 2009; Strain et al., 2017).
Understanding marsh stability in the present day is therefore key to understanding how, and
if, marsh margins may erode in the future. By understanding such stability, specific areas
or marshes ‘at risk’ of erosion can be identified, and management of these locations will be
capable of ensuring the continued provision of ecosystem services. Similarly, by identifying
properties which increase marsh stability, marsh restoration projects can be designed to
enhance long-term (annual-to-decadal) marsh stability.

Here, ‘marsh stability’ is used to describe the ability of marsh surface and margin
substrates to resist the erosive force of waves, tides and storm surges over timescales of hours
or more. In this thesis, substrate shear strength particularly relates to the resistance of the
marsh substrate to shear stress, and can be split into the cohesional component of substrate
strength (resulting from electrostatic forces between particles) and the frictional component
of substrate strength (resulting from friction at interparticle contacts). Frictional strength is
only important when the substrate is subjected to vertical stress. Shear strength is distinct
from erodibility, which relates to the substrate resistance to grain-by-grain erosion. To
explain how and why marshes erode, it is important to understand how substrate composition
affects both shear strength and erodibility and therefore how marsh stability may change in
the future. Over longer timescales, landform stability may be seen as encompassing also
the ability of marshes to accrete at a rate at least commensurate with sea-level rise (Reed,
1995). The potential of the substrate to be eroded reflects the balance between resisting
forces (structural, biological, frictional and cohesive substrate strength) and eroding forces
(hydrodynamic forcing).

1.1.2 Marsh erosion

Marshes are thought to be highly resistant to erosion in the vertical direction. Some studies
infer the stability of marsh substrates. For example, there were observations of negligible
marsh surface erosion following the UK East Coast storm surges in 1953 (Steers, 1953),
1978 (Steers et al., 1979) and 2013 (Spencer et al., 2015a). However, variations in the little
vertical lowering which can occur during extreme events have been attributed to differences
in organic matter content and plant species (Spencer et al., 2015b). Therefore, evidence
suggests that marsh sediments, once deposited, de-watered, consolidated, and after forming
vegetated substrates, will unlikely be mobilised by wave-, tidal- or surge-driven currents
(Kirwan et al., 2010; Spencer et al., 2015b).
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Marshes are known to be more erodible in the lateral dimension. Various causes of marsh
erosion have been noted, such as hydrodynamic forcing exceeding the resistive properties
of the substrate. Retreat or advance is known to occur as a result of shifting intertidal
channels, which can then change the hydrodynamic forcing (Pringle, 1995), or as a response
to changing wave conditions (Cooper et al., 2001). However, marsh margin retreat may
equally represent a form of ‘self-organisation’ whereby marsh expansion into deeper water
reaches a threshold of exposure to hydrodynamic forcing, which triggers cliff formation and
recession (Singh Chauhan, 2009). Future changes to temperature, sea-level and storminess
may also affect marsh loss rates (Nicholls, 2004; Mariotti and Fagherazzi, 2010; Spencer
et al., 2016), thus highlighting the need to understand those factors or properties which
increase the likelihood or rate of marsh erosion at present. This would allow ‘at risk’ marshes
to be identified under future forcing scenarios.

Marshes may be particularly prone to erosion when the marsh margin is cliffed (e.g. Mar-
iotti and Fagherazzi, 2010). Marsh margin erosion rates are known to vary both temporally
and spatially. Temporal variations in erosion rates have occurred on the macrotidal Dengie
Peninsula, Essex, UK, where the marshes retreated by approximately 16 ha/year between
1970 and 1973 (Harmsworth and Long, 1986), but this rate decreased to approximately 3
ha/year between 1973 and 1988 (Burd, 1992). Marsh erosion varies spatially, with retreat
rates for marshes worldwide known to vary considerably. For example, erosion rates in the
micro-tidal Venice lagoon are known to reach 0.8 m/year, while erosion rates on the East
coast of the USA are highly variable, ranging from 0.02 m/year to 3 m/year (Leonardi and
Fagherazzi, 2014; Leonardi and Fagherazzi, 2015). Even within a single area, such as Hog
Island Bay, Virginia, USA, lateral marsh erosion rates are known to vary between 1.0 and
1.6 m/year (McLoughlin et al., 2015). Other marshes are undergoing expansion, such as
at Calaveras Point Marsh, South San Francisco Bay, California (Watson, 2008). Marshes
can form where conditions are favourable, e.g. surfaces lying at elevations suitable for plant
establishment (which provides a "window of opportunity; see Balke et al., 2014), and where
there is a supply of sediment to the coast. An example of marsh formation is that of the
Jiangsu coast, China (Zhang et al., 2004). Marsh margin retreat is thus highly spatially
variable and non-uniform in time, and it is possible that this, at least in part, relates to local
variations in substrate composition. It is important to note that marshes can also lose area by
internal dissection (Van der Wal and Pye, 2004), although this is not the focus of this thesis
as dissection does not always equate to retreat of the marsh margin.
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While several studies have identified specific processes which likely contribute to marsh
edge erosion, these processes are poorly understood. There is evidence for cliff undercutting
by tidal and wave action, followed by cantilever, toppling failures or gravitational slumping
once the overlying section weight exceeds the root mass strength (e.g. Allen, 1989; Allen,
2000; Francalanci et al., 2013; Bendoni et al., 2014). An alternative failure mechanism relies
on the formation of tension cracks due to substrate drying, which then allow toppling failures
of the separated block (e.g. Cola et al., 2008; Francalanci et al., 2013; Bendoni et al., 2014).
While there is a general consensus among existing studies that such processes contribute to
marsh edge erosion, observations of such erosion are rare, and difficult to capture. As such,
modes of retreat are generally inferred from marsh morphology change after erosion has
taken place. As direct observations of marsh edge erosion are difficult, alternative methods
for assessing marsh edge erosion processes and marsh stability must be found.

1.1.3 Conceptual framework of marsh stability

Previous tidal-flat and salt marsh research has provided some insights into the hydrodynamic
forcing (wave- and tide-generated currents) and the resulting shear stress to which the marsh
substrate is exposed at the surface, creek sides and cliff edge, as well as the wave impact
force on the marsh edge (e.g. Möller and Spencer, 2002; Callaghan et al., 2010; Tonelli
et al., 2010; Hunt et al., 2015). Other research has evaluated substrate strength in terms
of biological properties (e.g. the influence of vegetation on tensile strength and bed level
change, invertebrate burrowing, diatoms-secreted biofilms; Le Hir et al., 2007; Chen et al.,
2017; Willemsen et al., 2018).

However, while there are many studies which have assessed the effect of biological
factors on substrate strength, few studies have focused on the combination of the biological
and sedimentological substrate component. Several studies describe the sediment, but do
not quantitatively analyse it (e.g. Allen, 1989). Some properties, such as particle size,
are regularly determined as a contextual property to a study, but are rarely linked directly
to marsh erosion processes or rates. Other work assessing marsh erosion processes and
rates does not even quantify or account for particle size (e.g. Castillo et al., 2002). While
some work in Louisiana has linked marsh collapse to sediment characteristics and soil
hydrology (e.g. Day et al., 2011), these composition-process links likely do not apply to
predominantly minerogenic marshes. It is therefore paramount that future work identifies the
link between mineralogical substrate composition and marsh margin erosion processes and
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rates. Therefore, although marsh substrates can range from highly organic to predominantly
minerogenic, this thesis draws upon literature and works on sites from the minerogenic end
of this spectrum. This will allow the impact of mineralogical substrate properties on salt
marsh substrate resistance to be investigated.

Marsh stability is also tightly connected to the characteristics of the fronting tidal flat
(Schuerch et al., 2019). While most studies concern themselves with either the tidal flat
substrates or the marsh substrate, there is a clear need for studies which consider the tidal
flat-salt marsh landform holistically. Firstly, tidal flat lowering can locally increase the
suspended sediment concentration reaching the marsh surface (Reed et al., 1985; Fagherazzi
and Priestas, 2010; Fagherazzi et al., 2013), thus affecting deposition and accretion rates
(Marani et al., 2010; Bouma et al., 2016; Schuerch et al., 2019). Tidal flat sediments are
known to have a higher mobility and erodibility than marsh sediments (Bassoullet et al.,
2000; Le Hir et al., 2000; O’Brien et al., 2000; Widdows et al., 2004). When this results in
tidal flat lowering, a cliff may develop between the vegetated marsh and unvegetated tidal flat
surface (Callaghan et al., 2010; Zhou et al., 2016), allowing an increase in water depth and
thus wave forcing at the marsh edge. Similarly, the tidal flat width, depth and slope can affect
the wave energy incident on the marsh edge (Mariotti and Fagherazzi, 2010; Mariotti and
Fagherazzi, 2013; Fagherazzi et al., 2013; Mariotti and Carr, 2014). Given that, in addition
to the shear stress applied by wave and tidal currents, tidal flat lowering rates are likely
influenced by substrate erodibility (e.g. Grabowski et al., 2011), this highlights the need to
understand the stability of the tidal flat-salt marsh system as a whole.

1.1.4 Geotechnical properties of salt marshes

Salt marshes on the UK coast exist as open coast, back-barrier, estuarine and embayment
marshes, or a combination of more than one of these four settings (Fig. 1.1). Marsh surfaces
are produced and sustained by the interaction of surface elevation, tidal inundation and
sedimentation/accretion. However, these relationships are modified by the relative importance
of waves, tides and fluvial input, which can, alongside changes in sediment supply, change
the marsh edge position. While open coast marshes have high exposure to waves and tides
(unless they are situated behind extensive tidal flats), back-barrier marshes tend to have
relatively little wave influence (Fig. 1.1h). Estuarine marshes have some fluvial influence,
and this is likely to be higher both further inland, and when river discharge is high (Fig. 1.1h).
The size of the estuary is also important, with large estuaries or locations within estuaries
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with larger fetch potentially having wave action sufficient to prevent marsh re-establishment
(e.g. upper sections of the Blyth estuary, Suffolk; French et al., 2000). Embayment marshes,
on the other hand, are likely more affected by tides, with wave influence depending on
whether the embayment is protected by a spit (Fig. 1.1h). This difference in exposure to
hydrodynamic energy, combined with sediment availability and local and regional sediment
transport patterns affects the kind of sediments deposited in each environment. In general,
those marshes with higher wave influence are composed of sandier sediments, while those
with greater fluvial or tidal influence comprise more silt/clay (Fig. 1.1).

Fig. 1.1 Geomorphological classification of salt marshes based on Pye and French (1993)
and Allen (2000). Salt marsh types are shown in a-g, and (h) shows the relative influence of
waves, tides and fluvial inputs for a-g. Part (h) was produced by H Brooks and is based on
content in the text of Pye and French (1993) amongst others.

Salt marshes therefore exist in a variety of settings, affecting the hydrodynamic forcing,
the sediment supply and the marsh substrate composition, amongst other factors. While
we know that marsh edge erosion can take a variety of forms (cliff undercutting, toppling
failures, cantilever beam-type failures), we do not understand the key factors determining
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when, and for how long, erosive forces overcome resistive forces. Considerable research
has been undertaken to measure and model the hydrodynamic forcing experienced at the
marsh edge, along creek edges and over the marsh and tidal flat surface (see summary in
section 2.3.3), however the resistance provided by salt marsh substrates is poorly understood.
What little we do know about salt marsh substrate resistance is limited to measurements
restricted to a particular set of erosion processes and very specific conditions, which may
not be achieved in the field. For example, the Cohesive Strength Meter (CSM) measures
the erosion threshold, or the shear stress at which the surface sediment becomes entrained
(erodibility). This does not relate to bulk failure processes at the marsh edge. In contrast, the
shear vane, which measures the resistance of the substrate to bulk failure, assumes that the
substrate is undrained (where the rate of change in total applied stress is faster than the rate
of dissipation of excess pore water pressure). While this is a reasonable assumption for those
marshes with a high clay content and therefore a low porosity, those marshes with a higher
sand content (see Fig 1.1) may actually be able to dissipate excess pore pressures rapidly
enough to reach a drained state in the field. In order to fully understand the resistance of the
salt marsh substrate, we therefore require laboratory tests which can be strictly controlled
and explicitly linked to marsh edge erosion processes in the field.

Geotechnical engineering is a branch of soil mechanics which relates to the behaviour of
a substrate in response to the application of stress. This stress can be applied normal to the
substrate, or can be a shear stress or a tensile stress. Such methods offer an opportunity to
understand how a marsh substrate behaves under stress application.

Shear box and ring shear tests are able to determine the peak and residual substrate
strength, respectively and also to quantify both the cohesional strength and the effective angle
of shearing resistance, which can be linked to salt marsh substrate composition. Oedometer
tests can determine the magnitude of vertical deformation caused by hydrostatic loading
during a storm surge, and whether such deformation is permanent or recoverable. This
vertical deformation is tightly linked to the shear strength of a substrate (see Chapter 6), and
so must be understood in order to determine how substrate shear strength might change over
time (e.g. before, during and after hydrostatic loading caused by a storm surge). Finally,
Consistency limit measurements (such as plastic limit, liquid limit, linear shrinkage and
shrinkage limit tests) can indicate whether a substrate is able to shrink and swell following
moisture content variations (e.g. caused by rainfall or inundation), and thus the likelihood of
tension crack formation and subsequent toppling failure.
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Geotechnical methods have been used in a variety of other environments. Shear box
and ring shear tests have been widely applied to research on landslide failures (e.g. Sassa
et al., 2004) and to quantify the strength of till at high shear strains (Iverson et al., 1998),
while oedometer tests have been used to reconstruct past ice thickness and evidence for
glacial advance or retreat based on subglacial deformation (e.g. Müller and Schlüchter,
2000; Boulton et al., 2001; O’Regan et al., 2016). However, most geotechnical methods
have not been applied to salt marsh substrates. The few geotechnical tests which have been
used on marsh substrates (such as oedometer tests) have not been used to understand marsh
erosion processes or response to hydrostatic pressure, but rather to ‘decompact’ vertical salt
marsh sequences and improve the accuracy of salt marsh-based sea-level reconstructions
(Brain et al., 2011; Brain et al., 2015; Brain et al., 2017). Geotechnical tests can also shed
light on how a substrate might behave at different moisture contents-whether it behaves as
a solid, plastic or liquid material, and the volumetric changes associated with a move to
a new behavioural state. While such measurements have been made on UK salt marshes,
these generally provide only contextual data and are not linked directly to marsh stability or
erosion processes (e.g. Crooks and Pye, 2000; Brain et al., 2011).

Geotechnical methods are able to indicate how the substrate might respond to applied
stress over sub-annual timescales. This thesis therefore focuses on shorter temporal (sub-
annual) and smaller spatial scales (tens of metres and below). It is at these scales that the
balance between resistive forces (resulting from the substrate structure and composition)
and erosive forces (wave impact forces, shear stress applied by waves and tides, gravita-
tional forces from overhanging edges, hydrostatic pressure from tides and storm surges) is
important. The focus is therefore not on temporal scales (annual-to-decadal) or spatial scales
(hundreds of metres or above) over which biogeomorphic feedbacks between vegetation,
hydrodynamics, sediment transport and marsh morphology become important (see Morris
et al., 2002; D’Alpaos and Marani, 2016).

For example, the shear box and ring shear tests assume a drained substrate (where the
rate of change in total applied stress is slower than the rate of dissipation of excess pore
water pressure), reflecting changes in applied stress over several hours or more. By using
these methods in conjunction with existing in situ vane-based methods, we can start to build
a better picture of marsh substrate response to changes in applied stress over both shorter
(seconds-hours) and longer (weeks-months) timescales.

Understanding the ability of the marsh substrate to withstand vertical stress is important
when determining the vertical stability of the marsh platform. The ability of a marsh to
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maintain its position within the tidal frame is important, as marsh platform elevation controls,
amongst other factors, inundation frequency and therefore sediment supply (Goodwin and
Mudd, 2019). On the Gulf and East Coasts of the USA, Cahoon (2003) observed a range of
responses of the marsh platform to storm surge inundation, from near-complete rebound, to
an overall increase in elevation and an overall decrease in elevation. While Cahoon (2006)
proposes various mechanisms for why these changes may occur, the precise mechanisms are
never able to be fully constrained, as the Surface Elevation Table apparatus groups processes
into surface- and below-ground surfaces. Specific mechanisms can however be tested on
substrates in the laboratory, and this is often easier than directly observing the impact of
storm surges in the field.

One such mechanism is the process referred to by Cahoon (2006) as “soil shrinkage”,
which refers to the expulsion of water from voids within the soil. In the geotechnical
engineering literature, this is known as “consolidation”. It is important to note that this
is distinct from the process of compaction (expulsion of air from voids) or the process of
‘autocompaction’ noted in salt marshes, with the latter denoting the compression of the
substrate under its own weight and accompanying increase in dry density (see Allen, 2000)
due to a combination of consolidation (expulsion of liquid) as well as compaction (expulsion
of air). This distinction is important as it has implications for the hydraulic conductivity of
the soil, and must be taken on board by the salt marsh community to avoid future confusion
in results. By testing marsh substrates in an oedometer, the potential importance of this
process of "soil shrinkage" (termed consolidation in this thesis) can be identified, and thus
the implications for vertical marsh stability can be determined.

Geotechnical tests can also measure the shrink-swell properties of a salt marsh substrate,
by measuring the soil shrinkage (and therefore the moisture content at which the substrate
shrinks to its minimum volume; the shrinkage limit). The shrink-swell characteristics of a
soil are important for known salt marsh erosion processes. For example, tension cracks at
the marsh edge and creek edges are known to form due to shrinkage as the substrate dries,
particularly at the end of summer, which can then produce toppling failures (Allen, 1989;
Morris et al., 1992; Bendoni et al., 2014). This tension crack formation process can then be
exacerbated by tidal fluctuations and the resultant cyclic oscillations of mean and effective
stresses exerted by the tides (Cola et al., 2008) and can be altered by root content. For
instance, the tensional strength provided by roots in vegetated soils can produce narrower
tension cracks than in unvegetated soils (Francalanci et al., 2013), and this tensional strength
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can also delay the failure of a block from the marsh edge (Bendoni et al., 2014). Nevertheless,
until now, the role of substrate properties in this process has remained largely unquantified.

Applying geotechnical methods is particularly important as marshes are now identified
as a nature-based coastal defence. Salt marshes can therefore be considered a structure, in
conjunction with the sea walls which often define their landward limit. In the construction
industry, the ground on which defences or buildings are built would be investigated using
geotechnical methods, to look at the effect of normal loading or application of shear stress
(e.g. Amey, 2016; Geocon, 2018) on the substrate. Similar methods have not been used on
salt marshes/tidal flats (see above), and marsh resistance to forcing is frequently quantified
using primarily in situ methods (e.g. Cohesive Strength meter and vane-based methods).
Geotechnical lab-based methods take longer and are more complex than the in situ approaches.
Although precautions are made to limit sediment disturbance, geotechnical samples can
become disturbed/modified in transportation. However, in situ methods also suffer from
issues such as individual techniques (one person may turn a shear vane differently to another),
weather (and thus moisture content), time of day, and other factors which cannot be controlled.
All of these are controllable in a laboratory. Geotechnical techniques permit strictly controlled
conditions in terms of the applied force, moisture content and speed of shear in a laboratory
setting. Whether or not strictly-controlled geotechnical methods are useful (either in their
original or in a modified form) and whether they add to the commonly-used in situ methods
of measuring substrate strength remains to be seen. However, the more precise determination
of substrate behaviour in response to applied stress facilitated by geotechnical tests provides
a rare opportunity to identify key controls (e.g. particle size, root content) on marsh substrate
behaviour and also the precise stresses at which substrate failure might occur.

1.1.5 Improving model parameterisation

This research has important implications for the parameterisation of process-based models,
particularly at the scale of an individual marsh, rather than a whole coastline. At present,
models simplify the erosion resistance provided by a given marsh substrate, by using an
erodibility coefficient which is assumed to be homogeneous throughout the marsh. For
example, Mariotti and Fagherazzi (2013) used a dynamic model to assess the influence
of sediment supply, sea-level rise and wind regime on marsh edge erosion/progradation
and also the vertical adjustment of marshes and tidal flats on the US Atlantic coast. The
marsh erosion rate was calculated based on the incoming wave power at the marsh boundary
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multiplied by an erodibility coefficient. However, the erodibility coefficient itself was
determined by minimising the root mean square error between observed and predicted
lateral retreat/progradation rates at each site (Mariotti and Fagherazzi, 2013). The erodibility
coefficient was therefore not parameterised according to field-based measurements, but
rather dependent on other assumptions inherent in the model. It could therefore not be
independently estimated. This model was then expanded on by Mariotti and Carr (2014) who
parameterised tidal flat erodibility using a generic value of the critical erosion shear stress
for tidal flat substrates (0.1 Pa), but this value was not based on field measurements on US
Atlantic Coast tidal flats. As such, at best, many models rely on generic, rather than site-
or even region-specific parameterisations of erodibility or substrate shear strength, even for
those parameters (e.g. critical erosion shear stress) for which measurements exist and/or are
simple to measure, and where existing measurements are highly variable.

Existing models are also simplified in terms of the processes which are incorporated.
Grain-by-grain erosion (1) and mass wasting (through either cantilever (2) or toppling (3)
failure) are the three main erosion processes known to occur at the marsh edge based on
qualitative field and laboratory observations and conceptual models (Allen, 1989; Singh
Chauhan, 2009; Francalanci et al., 2013; Ford et al., 2016a) but are rarely considered in
isolation nor are they adequately parameterised in process-based, empirical models. Instead,
these processes are amalgamated and summarised by an overall erosion rate. The specific
mechanics of these various processes occurring at the marsh edge are therefore poorly
construed. Several models incorporate substrate resistance to erosion using only the critical
erosion shear stress (e.g. Mariotti and Fagherazzi, 2010; Marani et al., 2011), which is known
to only encompass grain-by-grain erosion. While models have been able to understand
cantilever failure processes to some extent based on the marsh margin morphology (Van
Eerdt, 1985a; Gabet, 1998), this has only really been achieved in cliffed marsh settings.

Likewise, up to present, there exists only one model which simulates toppling failures
at the marsh edge (Bendoni et al., 2014). However, this model makes the assumption of a
homeogeneous marsh substrate. This neglects known influences on tension crack formation
and expansion. For example, the presence of a dense root mat in the upper 20 cm of the marsh
substrate is known to inhibit, or at least hinder, the propagation of tension cracks from depth
to the surface (Allen, 1989). Although Bendoni et al. (2014)’s model makes the assumption
of a homogeneous substrate, this is the only model to have parameterised substrate resistance
to mass failure processes based on field- and laboratory-based measurements at the site of
interest, and also the only model to simulate failure initiation based on the point at which
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the combination of gravity, hydrostatic thrust and hydrodynamic thrust exceed the substrate
strength. There are therefore very few process-based models which simulate specific erosion
processes, even at individual sites, which likely affects our understanding of the mechanics
of these erosion processes in real-world scenarios. Erosion in terms of mass wasting is
rarely modelled empirically based on incident forcing versus substrate resistance and the
only model which does do this assumes the substrate to be homogeneous, which is known to
affect the toppling process that it set out to represent.

Finally, existing models do not always include all processes which have been observed
in the field. On the East coast of the USA, marshes have been observed to compact during
and following hydrostatic loading from a storm surge (e.g. Cahoon, 2006). This process
has not been modelled and the longevity of the compression has not been studied. This is
important, as sea-level rise and sediment supply (which is affected by marsh elevation within
the tidal frame) are known to control whether marshes can persist vertically (e.g. Kirwan
et al., 2010; Kirwan and Megonigal, 2013). Understanding the magnitude and duration of
such compression, and whether it is expected to occur in both organogenic and minerogenic
marshes will be key to fine-tuning models which forecast marsh resilience to future sea-level
rise (e.g. Schuerch et al., 2018).

The parameterisation of both marsh substrate resistance and marsh erosion processes
in models is therefore highly simplified. It is known that marsh substrate composition and
therefore the erodibility and shear strength of the marsh substrate vary on centimetre-to-metre
scales within a marsh (both vertically and laterally) but, perhaps more importantly, they also
vary between marshes. How this variability in composition, erodibility and shear strength
then affects both the dominant erosion processes and erosion rates occurring at the marsh
edge is poorly understood. The relative importance of grain-by-grain erosion and mass
wasting at a given marsh likely depends not only on marsh substrate composition, but also on
factors such as inundation frequency and hydrodynamic forcing. This thesis will improve
our understanding of the links between marsh substrate composition and the erodibility and
shear strength of the marsh substrate based on field and laboratory measurements. In doing
so, this research strives to highlight ways in which models can more accurately represent
real-world processes, without requiring detailed field- and laboratory-based studies of several
components of substrate composition, erodibility and shear strength beforehand. If likely
erosion processes (grain-by-grain erosion, tension crack formation and toppling failure, or
undercutting and cantilever failure) can be identified based on simple measurements of marsh
composition, models may be able to be more applicable to individual marsh sites. Likewise,
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by understanding the variability in shear strength and erodibility within- and between-
marshes, this thesis will shed light on the resolution to which a marsh evolution model
may need to be parameterised (metre-scale, marsh-scale or regional scale). A model that is
parameterised accordingly to marshes in, for example the Venice Lagoon, may therefore be
able to be "re-parameterised" for another location in North West Europe, or further afield.
Ultimately, this would improve projections of future marsh change, and allow for the risk of
marsh erosion at individual marshes of interest (e.g. Special Areas of Conservation) to be
assessed.

In the UK, there is the unique opportunity to apply geotechnical techniques to marsh-tidal
flat systems with contrasting sediment composition (see Fig. 1.1). This research focuses
on two open coast UK marshes with extensive fronting tidal flats, one of which is silt/clay-
dominated, while the other is sand dominated. The two marsh-tidal flat systems therefore
encompass the end-members in terms of grain size of minerogenic marsh substrates. By
using geotechnical tests in combination with the more commonly used in situ measurements
of substrate undrained shear strength and erosion threshold, this study aims to provide novel
insights into marsh substrate behaviour and the conditions under which marsh margin and
creek edge substrates may fail. These results will be considered alongside detailed measure-
ments of marsh substrate composition, to begin to understand how substrate composition
may influence geotechnical behaviour in response to applied shear- and normal stress from
waves, tides and storm surges, and whether this response varies between silt/clay-dominated
marshes and sand-dominated marshes.

1.2 Research aim, questions and objectives

The overarching aim of this thesis is:

To understand the role of substrate composition in explaining the response of minero-
genic salt marsh soils to applied stress

To achieve this aim, three research questions have been designed, each of which requires
several objectives to be addressed.

1. What are the geotechnical properties of salt marsh and tidal flat substrates at the

extreme ends of the grain size spectrum of UK marshes?
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(a) To measure, compare and understand spatial variability in salt marsh and tidal
flat substrate composition within- and between two open coast UK sites with
contrasting exposure to hydrodynamic forcing (East- vs West coast) and at the
extreme ends of the grain size distribution for UK marshes.

(b) To measure and compare salt marsh geotechnical properties within- and between
two open coast UK sites.

(c) To understand how bulk substrate behaviour in response to applied physical stress
relates to substrate composition.

2. Which erosion processes do commonly-used in situ methods of measuring shear

strength record, and how do the measurements compare between different substrates

and studies?

(a) To create a dataset of co-located shear vane, torvane and Cohesive Strength Meter
(CSM) measurements at two UK sites, comprising measurements at contrasting
locations within each site and also at depth.

(b) To analyse shear vane, torvane and CSM measurements and compare them to
other vane and CSM measurements reported in existing studies on UK coastal
wetlands.

(c) To explore possible reasons for differences in the shear vane and torvane measure-
ments of soil undrained shear strength and possible conversion methods between
the two.

(d) To evaluate the specific processes measured by each device, both conceptually
and by comparing to measurements of marsh substrate composition.

(e) To identify ways of improving the comparability of future measurements of salt
marsh and tidal flat resistance and to evaluate the relevance of such measurements
to understanding processes occurring on different time/space scales.

3. What role do variations in marsh substrate composition, geotechnical behaviour and

in situ strength play in explaining salt marsh morphological change?

(a) To quantify changes in the position of the marsh edge and marsh surface elevation
since 1992 at both field sites.

(b) To explore the implications of both the marsh substrate composition and geotech-
nical properties measured in RQ 1 and the in situ strength measurements in RQ 2
for marsh erosion processes.
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(c) To explore the implications of both the marsh substrate composition and geotech-
nical properties measured in RQ 1 and also the vane and CSM measurements in
RQ 2 for marsh resistance and stability over annual-decadal timescales, in the
context of known vertical and lateral change at both field sites, as measured in
objective (a).

(d) To compare the forcing required to produce marsh substrate erosion/deformation
or failure as quantified by the tests applied in RQ 1 and RQ 2 to the magnitude
and frequency hydrostatic, gravitational and hydrodynamic forcing likely to occur
in situ.

1.3 Summary and outline of the thesis

This thesis begins by reviewing the current understanding of salt marsh substrate resistance to
hydrodynamic forcing over near-instantaneous timescales (Chapter 2). It provides a critical
review of the known influence of individual substrate properties (e.g. organic content, particle
size and live vegetation) on substrate stability, before then identifying potential connectivity
between substrate attributes and how these interactions affect salt marsh morphodynamics).
Chapter 3 introduces the two field sites, outlining their regional context and past dynamics,
historical and present dynamics, the contemporary environment and future dynamics. Chap-
ter 4 introduces the methods employed in this research, covering contextual measurements
of substrate index properties (e.g. particle size, clay mineralogy), geotechnical methods
to determine the engineering behaviour of the substrate (see RQ 1), in situ measurements
of substrate undrained shear strength and erodibility (to address RQ 2), and also Surface
Elevation Tables (SETs) and marsh mapping to determine marsh morphological change (in
response to Objective 3a). Chapter 5 presents the data on the composition and engineering
behaviour of salt marsh and tidal flat substrates at the two sites (for RQ 1), before drawing
upon the in situ substrate strength and erodibility data (in response to RQ 2). Evidence of
recent morphological change (both in the vertical and lateral dimensions) is also presented
(to address RQ 3).

Chapter 6 discusses the implications of the sediment composition and geotechnical results
in response to research question 1. The discussion focuses on how and why marsh substrate
composition and geotechnical properties vary. The chapter then goes on to assess how the
geotechnical properties are affected by substrate composition, and also how both substrate
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composition and geotechnical properties affect the bulk substrate behaviour in response to
applied shear stress.

The focus of Chapter 7 is on the in situ undrained shear strength and erosion threshold
measurements, to answer research question 2. The chapter examines the comparability of
undrained shear strength (using both a shear vane and torvane) and the erosion threshold
measurements to existing data, and explores how future sampling strategies can be improved.
The chapter then evaluates how the two pieces of apparatus are each affected by changes
in substrate composition and identifies how measurements derived from these two different
methods (vane-derived and CSM) compare.

Chapter 8 draws upon the main findings of Chapters 5, 6 and 7, and summarises how
variations in substrate geotechnical behaviour may inform explanations of salt marsh land-
form evolution over annual-to-decadal timescales. This addresses research question 3 and
builds upon analysis of marsh edge and vertical change at the two sites. It also assesses how
both the geotechnical and in situ measurement methods link to the rates, type and processes
(both known and inferred) of change at each site. Finally, Chapter 9 summarises the main
findings and identifies areas for future research.





Chapter 2

Context

2.1 Preface

The following chapter summarises the current understanding of salt marsh substrate stability
based on both organic and sedimentological composition. This chapter has undergone the Peer
Review process and is now published as a State of Science article in Earth Surface Processes
and Landforms with the title of "Resistance of salt marsh substrates to near-instantaneous
hydrodynamic forcing". The manuscript was written by H Brooks, with considerable input
from I Möller, then modified in accordance with comments from the co-authors. H Brooks
addressed reviewer comments, and then additional comments from co-authors during the
review process.

The full reference of the accepted paper is: H. Brooks1, I. Möller2, S. Carr3, C. Chirol4,
E. Christie1, B. Evans1, K. L. Spencer4, T. Spencer1, K. Royse5 (2021). Resistance of salt
marsh substrates to near-instantaneous hydrodynamic forcing. Earth Surface Processes and

Landforms, 46(1), 67-88, https://onlinelibrary.wiley.com/doi/full/10.1002/esp.4912

1. Department of Geography, University of Cambridge, Downing Place, Cambridge, CB2
3EN, UK.

2. Department of Geography, Trinity College Dublin, Museum Building, Dublin 2,
Ireland.

3. Institute of Science, Natural Resources and Outdoor Studies, University of Cumbria,
Rydal Road, Ambleside, LA22 9BB, UK.

https://onlinelibrary.wiley.com/doi/full/10.1002/esp.4912
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4. School of Geography, Queen Mary University of London, Mile End Road, London, E1
4NS, UK.

5. British Geological Survey. Nicker Hill, Keyworth, Nottingham, NG12 5GG, UK.

2.2 Abstract

Salt marshes deliver vital ecosystem services by providing habitats, storing pollutants and
atmospheric carbon, and reducing flood and erosion risk in the coastal hinterland. Net losses
in salt marsh area, both modelled globally and measured regionally, are therefore of concern.
Amongst other controls, the persistence of salt marshes in any one location depends on the
ability of their substrates to resist hydrodynamic forcing at the marsh front, along creek
margins and on the vegetated surface. Where relative sea-level is rising, marsh elevation must
keep pace with sea-level rise and landward expansion may be required to compensate for
areal loss at exposed margins. This paper reviews current understanding of marsh substrate
resistance to the near-instantaneous (seconds to hours) forcing induced by hydrodynamic
processes. It outlines how variability in substrate properties may affect marsh substrate
stability, explores current understanding of the interactions between substrate properties and
erosion processes and how the cumulative impact of these interactions may affect marsh
stability over annual-to-decadal timescales.

Whilst important advances have been made in understanding how specific soil properties
affect near-instantaneous marsh substrate stability, less is known about how these properties
interact and alter bulk substrate resistance to hydrodynamic forcing. Future research requires
a more systematic approach to quantifying biological and sedimentological marsh substrate
properties. These properties must then be linked to specific observable erosion processes,
particularly at the marsh front and along creek banks. A better understanding of the intrinsic
dynamics and processes acting on, and within, salt marsh substrates, will facilitate improved
prediction of marsh evolution under future hydrodynamic forcing scenarios. Notwithstanding
the additional complications that arise from morphodynamic feedbacks, this would allow us
to more accurately model the future potential protection from flooding and erosion afforded
by marshes, while also increasing the effectiveness of salt marsh restoration and re-creation
schemes.
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Keywords: Salt marsh stability; Erosion; Substrate Properties; Process-based measure-
ments; Nature-based coastal protection

2.3 Introduction

2.3.1 The importance of marsh stability

Salt marshes are globally-distributed, intertidal wetlands, occupying distinct elevation ranges
that vary depending on tidal regime (Fig. 2.1; Friess et al., 2012a). In North West Europe,
for example, they are generally found at elevations between the mean high water neap tide
and highest astronomical tide levels (Adam, 2002; Balke et al., 2016). On the East coast of
the USA, they can be found below mean sea level, through to the highest astronomical tide
level (Fig. 2.1). However, as salt marshes in North West Europe often experience a larger
tidal range than those on the US East coast, their vertical elevation range can exceed that of
marshes on the microtidal US East coast. The frequency with which marshes are inundated
by salt water and thus affected by shallow water coastal processes depends on their position
within the tidal frame, and also meteorological forcing (Steel, 1996). Salt marshes typically
comprise fine-grained sediment (Dronkers, 2005) colonised by halophytic vegetation, once a
given elevation is reached (Allen, 2000; Huckle et al., 2004).

The existence of salt marsh landforms is of high societal importance as their associated
ecosystems provide important regulating, provisioning and cultural ecosystem services
(Boorman, 1999; Barbier et al., 2011; Foster et al., 2013; Spalding et al., 2014). These
include carbon sequestration (Rogers et al., 2019), habitat provision (Spencer and Harvey,
2012) and pollutant immobilisation (Crooks et al., 2011). Salt marshes have an elevated
position in the tidal frame and high surface roughness due to micro-topographic variability
and the presence of a vegetation canopy; in addition, these surfaces may be dissected by
bifurcating channel networks. When flooded, salt marshes are therefore efficient dissipaters
of incident wave energy, including under storm surge conditions (Loder et al., 2009; Möller
et al., 2014; Moller and Christie, 2018). This dissipation is an integral morphodynamic
feedback, with co-adjustment of process and form (Fig. 2.2), facilitating landform persistence.
Such morphodynamic feedbacks occur when the biota and hydrodynamics influence each
other through both lagged and instantaneous responses, which often exaggerate the effect of
a given change and the resultant effect on the salt marsh landform. As marsh surfaces also
store floodwaters, these feedbacks also lower the risk of coastal flooding and erosion (and



22 Context

Fig. 2.1 Comparison between North West European marshes and those on the East coast of
the USA. Modified from: Dame and Lefeuvre (1994).

thus the societal cost associated with these processes) landward of the landform (Beaumont
et al., 2008; Pollard et al., 2018).

Spalding et al. (2014) recognise that marshes can provide significant advantages over
conventional hard engineering approaches in particular locations. This is both because of
the range of ecosystem services they provide and also because, with sufficient sediment
supply, biophysical feedback mechanisms (see Kirwan et al., 2016; Schuerch et al., 2018)
allow marshes to accrete vertically (and in some cases laterally) in response to environmental
forcing (e.g. accelerated sea level rise). As such, marshes can sustain their position in the
tidal frame. As a result, Vuik et al. (2019) used a probabilistic modelling approach and
found that, over 100 year timescales, incorporating vegetated intertidal foreshores into flood
protection schemes can be more cost-effective than simply raising/reinforcing fixed position
sea walls/levees.

Given the importance of salt marshes, marsh margin retreat and internal marsh dissection
through erosion of cliffs and creek banks is a topic of concern. Margin retreat and internal
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Fig. 2.2 Morphodynamic feedbacks in salt marshes. Modified from: Möller (2012).

dissection have been recorded on many of the world’s shores (Cooper et al., 2001; Van
der Wal and Pye, 2004; Baily and Pearson, 2007; Crooks et al., 2011), and replicated in
modelling studies (e.g. Blankespoor et al., 2014). Reports of marsh margin retreat vary from
less than a few centimetres per year at, for example, certain locations in the eastern USA
(Leonardi and Fagherazzi, 2014; Leonardi and Fagherazzi, 2015) to more than 10 metres per
year, as reported, for example, for locations in the outer Thames estuary (Greensmith and
Tucker, 1965). Marsh margin retreat rates therefore appear to be highly site-specific.

Long-term marsh cliff retreat rates have been correlated to average wave power at the
cliff and has been shown to follow both linear (Marani et al., 2011; Priestas et al., 2015;
Leonardi et al., 2016b; Finotello et al., 2020) and power-law trends (Schwimmer, 2001;
Mariotti and Fagherazzi, 2010). The precise relation between wave power and erosion rate
is site-dependent and likely varies with local biological, geochemical and sedimentological
properties, marsh morphology and marsh elevation relative to tidal water levels (McLoughlin,
2010; Tonelli et al., 2010; Leonardi and Fagherazzi, 2015; Priestas et al., 2015).

Questions thus arise as to the processes causing marsh erosion, not least regarding the
potential existence of hydrodynamic forcing thresholds, i.e. wave/tide-generated forces
that, when exceeded, cause the near-instantaneous removal of sediment and/or plants from
the marsh surface or fringe. Once consolidated, the horizontal marsh surface has been
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shown to be relatively resistant, for example to wave action (Spencer et al., 2015b). This
is in contrast to reported examples of marsh margin erosion and evidence linking this
erosion to hydrodynamic forcing (e.g. Schwimmer, 2001; McLoughlin et al., 2015). A
number of studies have thus attempted to better understand what makes marsh substrates (the
minerogenic and organic components of the bulk marsh material) resistant to erosion by the
action of water. This paper reviews these studies in search of overriding properties affecting
marsh substrate behaviour under the action of water, how these interact and how these may
affect the dynamics of exposed substrates on the surface, creek banks and at the marsh edge.
This paper explores what these existing studies reveal about longer term (annual-to-decadal
scale) trajectories of marsh loss, bearing in mind that morphodynamic feedbacks play a key
role in moderating future force-response relationships. Finally, this paper identifies areas for
future research, which could ultimately improve both modelling of future marsh extent in
response to various forcing scenarios and also the efficacy of management schemes (either
for marsh restoration or creation).

2.3.2 Marsh soil formation and stability

Salt marsh formation is a function of net sediment accumulation under low-energy conditions.
Over time, dewatering and compaction lead to the formation of a 3-D sedimentary body, the
characteristics of which reflect the allochthonous (externally-derived) and autochthonous
(internally produced, organic) sediment contribution (Allen, 2000). On natural salt marshes,
landscape-scale change is largely driven by accommodation space, sediment availability and
type (source) alongside variations in sea level (Spencer et al., 2016; Schuerch et al., 2018).
The composition of marsh substrates reflects a wide range of factors, including geological
setting, tidal setting, climatological influence, and anthropogenic intervention/land-use
regime (Crooks and Pye, 2000; Schuerch et al., 2016).

Once formed, the marsh platform has been shown to be remarkably resistant to wave-
driven erosion (Steers, 1953; Steers et al., 1979; Spencer et al., 2015a; Spencer et al., 2015b).
Marsh erosion occurs mainly from the marsh edge, where incident wave energy is highest,
and can result in lateral retreat. Such erosion occurs if resisting forces (structural, biological,
frictional and cohesive substrate strength) are exceeded by eroding forces (e.g. hydrodynamic
forcing). This paper therefore refers to ‘marsh substrate stability’ as the ability of the marsh
substrates exposed horizontally at the surface or vertically and sub-vertically at exposed
marsh edges, to resist the near-instantaneous erosive force of water generated, for example,
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by waves (Fig. 2.3). In doing so, this paper focuses on the event-based scale at which material
becomes entrained and eroded. Of particular relevance here are the properties (organic and
minerogenic) affecting substrate stability both at the granular scale as well as the scale of
the entire soil matrix from the surface to well below the depth of the root zone. Finally, it is
important to recognise that, while the action of water is often the prime driver of substrate
erosion, it may also facilitate other erosion processes or mechanisms (e.g. where causing
undercutting and bulk-failure of marsh cliffs; Allen, 1989; Francalanci et al., 2013). Likewise,
substrate erosion can also be facilitated by other processes/mechanisms (e.g. where substrates
are loosened due to animal burrowing activities; Escapa et al., 2007).

Direct measurements of near-instantaneous marsh substrate resistance (both in terms of
marsh edge erosion and surface erosion) are less common than indirect measurements. These

Fig. 2.3 Hydrodynamic forcing on the tidal flat surface, marsh cliff and marsh surface in side
view, using the example tidal level of Highest Astronomical Tide (HAT) (a) and plan view
(b).
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direct measurements use a variety of different methods, including the shear vane, cohesive
strength meter and cone penetrometer. Shear vane measurements of in situ undrained marsh
strength, for example, ranged over three orders of magnitude from approximately 0.2 to
25 kPa in North Carolina (Howes et al., 2010). The cohesive strength meter measures the
sediment erosion threshold and the cone penetrometer measures variations in shear strength
and substrate composition with depth. Measurements using these techniques on a managed
realignment site in Essex, UK ranged from 1.53 to 4.28 Pa and 0.6 to 260 kPa, respectively
(Watts et al., 2003). While the range in these types of direct strength measurements is
likely partly an artefact of the measurement method deployed (as different methods integrate
over different volumes and measure different erosion processes), it also partly reflects the
difference in the shear strength of marsh sediments between sites.

Independent of the method used to determine substrate resistance, it appears that, under
constant forcing conditions, substrate resistance to erosion (particularly in a lateral direction)
is controlled by vegetation properties, the composition of the soil matrix and biological
activity therein, alongside interactions between these factors (Howes et al., 2010). This
paper proposes that, for any assessment of the controls on the rate of lateral retreat, a
two-part stratigraphy can be assumed (e.g. Bendoni et al., 2016). The uppermost section
resistance is controlled by the combination of live biological (roots/organisms) and sediment
properties. The lower (below-live-root) section resistance is likely dependent mostly on
sediment properties, decomposed or decomposing organic matter and only limited deeper live
root systems, the extent of which largely depend on the species present (Figs. 2.3a and 2.4).
Where biofilms are present this becomes a three-part stratigraphy, with the erodibility of the
uppermost centimetre to grain-by-grain erosion being influenced by the presence of biofilms.

This cliff stratigraphy may thus determine the rate and mechanism of response to driving
forces, although the depth, thickness, and distinctiveness of these two stratigraphic layers
likely varies considerably between locations. In some cases, for example at Scolt Head Island
in North Norfolk, UK, plant roots are largely restricted to the uppermost silt/clay layer of
sediment, with most roots reaching no deeper than 10-22 cm (Fig. 2.4; Chapman, 1960).
Similarly, in Morecambe Bay, UK, the common saltmarsh grass (Puccinellia maritima)

provides much of the marsh surface strength by creating a dense root mat, which extends
circa 14 cm below the surface, with tap roots extending deeper (Fig. 2.5; Allen, 1989). The
lower cliff/marsh sediment column is therefore susceptible to wave attack and any tension
fractures that form within this section are impeded in their vertical expansion by the presence
of the root mat-strengthened upper section (Allen, 1989). The nature and rate of this response
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Fig. 2.4 The varying lengths and structures of root systems for species from Plover Marsh,
North Norfolk, UK, for species growing at 2.96 m ODN (as of 1934). One inch is approxi-
mately equal to 2.54 cm, therefore the Limonium vulgare root extends to approximately 25
cm depth. Taken from: Chapman (1960), pg. 87-89.

will, however, depend on substrate properties, as organic-rich sediments such as those in
Louisiana, USA often have deeper roots, extending to approximately 30 cm depth (Howes
et al., 2010).

2.3.3 Hydrostatic and hydrodynamic forcing

Tides, waves and storm surges exert spatially and temporally varying hydrostatic and hydro-
dynamic forces on an intertidal salt marsh substrate (Moller and Christie, 2018). The marsh
elevation relative to the water level upon inundation governs the hydrostatic forces acting on
the substrate. Using field observations at Tillingham Marsh, UK, Möller and Spencer, 2002
recorded inundation depths above the marsh edge of between 0.12 and 0.84 m, with mean
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Fig. 2.5 Example of undercutting at the base of the cliff, while the upper cliff overhangs, and
appears to be held in place due to tensile strength provided by the roots. Photograph by I.
Möller taken at Warton marsh, Morecambe Bay in July 2018. The knife in the photograph is
approximately 20 cm in length.

significant wave heights of 0.2 m, over a ten month period. These water depth and wave
height conditions would have resulted in hydrostatic stresses ranging from 7.4 to 9.5 kPa.

Bed shear stresses caused by hydrodynamic forces are a major control of whether sed-
iment is entrained into suspension, eroded or deposited on the marsh surface. On a salt
marsh surface, tide-induced currents are generally low (<0.2 m/sec, Bouma et al., 2005;
0.08-0.33 m/sec; Van der Wal et al., 2008) and bed shear stresses are typically too weak to
cause sediment suspension (Wang et al., 1993; Christiansen et al., 2000). The tidal flats in
front of marshes, however, typically experience much greater flow velocities of up to 1 m/sec
(Le Hir et al., 2000) or 0.6 m/sec (Bouma et al., 2005), as do the salt marsh creeks where
velocities reach up to 0.8 m/sec (Bouma et al., 2005) or 0.9 m/sec (French and Stoddart,
1992), potentially exerting critical shear stresses on exposed marsh margins.
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Shallow water waves produce oscillatory flows in the near-bed region and typically have
higher bed shear stresses than tides alone. If waves and tides occur together they interact
non-linearly, resulting in bed stresses 30-40% higher than the sum of the wave and tide
components (Soulsby, 1997). Induced bed shear stresses are therefore affected by wave
shoaling, wave breaking, bottom roughness and local bed morphology (Nielsen, 1992).
As such, relative water depth is an important parameter in understanding potential erosive
forcing. Nevertheless, it is important to note that the effect of waves on a substrate requires
the interaction of particular meteorological conditions with tidal levels above the threshold
when the tidal flat or marsh surface floods. Consequently, the frequency and magnitude of a
given hydrodynamic forcing depends on the interaction between meteorological and tidal
conditions, and also the relative elevation of the marsh within the tidal frame.

On tidal flats, wave induced shear stresses mobilise the sediment into suspension (Fagher-
azzi et al., 2006; Fagherazzi and Wiberg, 2009; Zhou et al., 2016; Best et al., 2018) and
are thought to be a key control of erosion. On the salt marsh surface, waves and tides are
dissipated due to drag forces caused by the presence of vegetation (Möller et al., 1996;
Moller et al., 1999; Möller et al., 2014). Energy dissipation is controlled by the vegetation
properties, including not only vegetation density and stiffness (Bouma et al., 2010; Feagin
et al., 2011; Ysebaert et al., 2011; Tempest et al., 2015b; Paul et al., 2016; Rupprecht et al.,
2017; Silinski et al., 2018), and its seasonal variability (Paul and Amos, 2011), but also the
water level above the marsh surface (Moller et al., 1999) and marsh edge morphology (cliffed
vs. ramped; Möller and Spencer, 2002). However, in some cases, high bed shear stresses
can be generated on salt marsh surfaces under extreme conditions. For example, Howes
et al. (2010) found that bed shear stresses of 0.425-3.6 kPa were likely generated by storm
waves associated with the passage of Hurricane Katrina over Mississippi delta wetlands.
However, these bed shear stresses are much lower under ‘normal’ or ‘storm’ (rather than
tropical storm) conditions, with Callaghan et al. (2010) being unable to record wind wave- or
current-induced bed shear stresses exceeding 0.4 Pa in the Westerschelde, The Netherlands.

However, where vegetation is sparse, particularly in the pioneer marsh, vegetation patches
or individual shoots are capable of increasing turbulence and thus cause local scouring
(Bouma et al., 2009b; Feagin et al., 2009; Silinski et al., 2016), as well as concentrating the
flow between vegetation patches (Temmerman et al., 2007) which may locally enhance shear
stresses (Fig. 2.3b).

Wave action also generates impact forces. These are particularly important at cliffed
marsh edges (Mariotti and Fagherazzi, 2010). These forces are applied in a quasi-normal
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direction to the scarp and increase with tidal elevation/water depth, but fall rapidly upon marsh
inundation (Tonelli et al., 2010). Using numerical simulations, Tonelli et al. (2010) found
that maximum wave thrust stress can vary between 0.5-2.6 kN/m3, depending on elevation
and marsh edge morphology. This direct wave influence on the marsh edge has been inferred
to be a major cause of observed (mapped) marsh erosion in Essex, UK (Cooper et al., 2001)
and also of field-based marsh erosion measurements in the eastern USA (Leonardi and
Fagherazzi, 2014). Such sediment removal may become the main marsh loss mechanism, as
shown by modelling studies (Van de Koppel et al., 2005; Mariotti and Fagherazzi, 2013).

2.4 Properties affecting the near-instantaneous resistance
of exposed marsh surfaces

A wide range of properties have been shown to affect the erosional resistance of marsh
substrates exposed horizontally or vertically to the hydrodynamic forces described above.
The properties affecting this resistance vary spatially and also operate on different spatial
scales.

On an inter-particle (sub-millimetre) scale, resistance to applied bed shear stress is con-
trolled by gravitational, frictional, cohesive and adhesive forces and their effects on particle
interactions within the sediment (Grabowski et al., 2012). These resisting forces define the
substrate erodibility, which is often quantified as an erosion threshold (Sanford, 2008). For
undrained, cohesive muds, the in situ critical erosion shear stress is generally 0.1-1 Pa (Black,
1991). This is considerably lower than the potential hydrodynamic forces to which these inter-
tidal sediments may be exposed, but comparable to the normal bed shear stresses recorded at
some sites (section 2.3.3). The bulk substrate resistance is ultimately constrained by physical,
chemical and biological properties, including particle size distribution (PSD), water content,
organic content (OC), bulk density, bulk sediment structure, porewater geochemistry, root
properties and the presence of extracellular polymeric substances (EPS) (Amos et al., 1992;
Black and Paterson, 1997; Grabowski et al., 2011). A summary of substrate properties and
implications for substrate stability is provided in Table 2.1.
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Table 2.1 Overview of the direct effects of substrate properties on marsh stability and the settings in which these studies have been
undertaken, based on marsh exposure and tidal range. Indirect effects (i.e. where a substrate properties influences another property or
process, which then affects stability) were excluded.

Substrate property Effect on stability Geographical location, marsh type (open

coast/estuarine/back barrier) and tidal range

(micro/meso/macro/mega)

References

Geochemistry
Greater interstitial phosphorous and

inorganic nitrogen can increase

decomposition rates

Northern Jutland, Denmark; fjord marshes Mendelssohn et al. (1999)

Soluble iron or aluminium can

strengthen biofilms

Laboratory study Stoodley et al. (2001)

Laboratory study Möhle et al. (2007)

Clay mineralogy Affects water retention and expansion

upon wetting (which makes the

substrate more erodible)

Essex, UK; macrotidal and Severn estuary, UK;

megatidal

Crooks and Pye (2000)

Particle size
Finer cohesive sediments are less

erodible

Dutch Wadden Sea; Man-made back-barrier

marshes; mesotidal (tidal range 2.4 m)

Houwing (1999)

Galveston Island, Texas; back-barrier marsh;

microtidal

Feagin et al. (2009)

Essex, UK and Morecambe Bay, UK; open coast

marshes; macrotidal

Ford et al. (2016a)

Italian Northern Adriatic; lagoonal marshes;

microtidal (65-80 cm tidal amplitude)

Lo et al. (2017)

continued on next page...
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Table 2.1 Overview of the direct effects of substrate properties on marsh stability and the settings in which these studies have been
undertaken, based on marsh exposure and tidal range. Indirect effects (i.e. where a substrate properties influences another property or
process, which then affects stability) were excluded.

Substrate property Effect on stability Geographical location, marsh type (open

coast/estuarine/back barrier) and tidal range

(micro/meso/macro/mega)

References

Bulk density Higher bulk densities reduce erodibility
Essex, UK; Managed realignment site; estuarine

marsh; macrotidal (mean tidal range 4.5 m)

Watts et al. (2003)

Conceptual framework Winterwerp et al. (2012)

Organic content
Organic-rich substrates are less

erodible

Essex, UK and Morecambe Bay, UK; open coast

marshes; macrotidal

Ford et al. (2016a)

Massachussetts, USA; micro/meso-tidal (2.7 m

tidal range and 1.2 m tidal range)

Knott et al. (1987)

Salinity
More saline cohesive sediment is less

erodible

Laboratory tests Parchure and Mehta (1985)

Westerschelde estuary, Netherlands and Humber

estuary, UK

Tolhurst et al. (2006b)

Biofilm

presence/absence

Increased resistance to erosion in

locations of EPS presence

Severn Estuary, UK; estuarine marsh; megatidal Underwood and Paterson

(1993)

Sylt-Rømø Bight, Germany; back-barrier marsh;

mesotidal

Tolhurst et al. (1999)

Westerschelde estuary, Netherlands; mesotidal

(mean tidal range 4 m)

Tolhurst et al. (2006a)

No field measurements Le Hir et al. (2007)

continued on next page...
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Table 2.1 Overview of the direct effects of substrate properties on marsh stability and the settings in which these studies have been
undertaken, based on marsh exposure and tidal range. Indirect effects (i.e. where a substrate properties influences another property or
process, which then affects stability) were excluded.

Substrate property Effect on stability Geographical location, marsh type (open

coast/estuarine/back barrier) and tidal range

(micro/meso/macro/mega)

References

Sediments from Eden estuary, Scotland, followed

by lab analysis

Tolhurst et al. (2008)

Modelling approach Kakeh et al. (2016)

Jiangsu Province, China; macrotidal Chen et al. (2017)

Vegetation canopy
Low density vegetation, or stiff stems

can increase turbulence and scour

Laboratory study Bouma et al. (2009a)

Galveston Island, Texas; back-barrier marsh;

microtidal

Feagin et al. (2009)

Root properties

Roots provide tensile strength and

reduce surface or edge erodibility and

marsh lateral erosion rates

Westerschelde,estuary, The Netherlands; estuarine

marshes; macrotidal (spring tide range 4.4-5.5 m)

Van der Wal et al. (2008)

Modelling study Mariotti and Fagherazzi

(2010)

Beaulieu estuary, S England; estuarine marsh;

mesotidal (mean spring tidal range 3.7 m)

Chen et al. (2012)

Plum Island estuary, Massachussetts, USA;

estuarine/back-barrier marsh; mesotidal (mean

tide range 2.9 m)

Deegan et al. (2012)

continued on next page...
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Table 2.1 Overview of the direct effects of substrate properties on marsh stability and the settings in which these studies have been
undertaken, based on marsh exposure and tidal range. Indirect effects (i.e. where a substrate properties influences another property or
process, which then affects stability) were excluded.

Substrate property Effect on stability Geographical location, marsh type (open

coast/estuarine/back barrier) and tidal range

(micro/meso/macro/mega)

References

Louisiana, Alabama and Mississippi, USA

marshes; microtidal

Silliman et al. (2016)

Venice Lagoon; lagoonal marsh; microtidal (tidal

range circa 60 cm)

Bendoni et al. (2016)

Northern Barataria Bay, Louisiana, USA Lin et al. (2016)

Northern Adriatic; lagoonal marshes; microtidal

(average tidal amplitudes of 65-80 cm)

Lo et al. (2017)

Westerschelde estuary, The Netherlands; estuarine

marshes; macrotidal; (spring tide range 4.4-5.5 m)

Wang et al. (2017)

Various Louisiana marshes Sasser et al. (2018)

Voids/cracks/

subsurface

stratigraphy

Tension cracks can instigate toppling

failures

Venice Lagoon; lagoonal marshes; microtidal Francalanci et al. (2013)

Act as a lateral water pathway, along

which the flow can erode

Modelling study Xin et al. (2012)

Restored marshes, Blackwater estuary, UK;

estuarine marshes; macrotidal

Tempest et al. (2015a)
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2.4.1 Chemical and physical sediment characteristics

Geochemical properties, such as clay mineralogy and water geochemistry, affect electro-
chemical particle attractions (Grabowski et al., 2011). For example, smectites are the most
electro-chemically active mineral, followed by micas, then kaolinite (Grabowski et al., 2011).
Consequently, smectites can retain water and undergo considerable expansion upon wetting
(Carr and Blackley, 1986), thus becoming more erodible (Torfs, 1995; Morgan, 2005).

The sodium adsorption ratio (SAR) also influences substrate stability, as minerals absorb
more water at high SAR and, when combined with a high smectite component, this can
produce a highly porous and erodible substrate (Rowell, 1994; Brady and Weil, 2002).
However, this behaviour is also influenced by pore water salinity. Laboratory studies have
found that more saline cohesive sediment is less erodible than that with lower salinity
(Parchure and Mehta, 1985). This is corroborated by field studies on tidal flats, which have
found that rain during low tide can increase sediment erodibility, possibly due to the effect of
rain on inter-particle attraction (Tolhurst et al., 2006b).

Another geochemical control on substrate stability is that of the presence of particular
metals. Soluble iron or aluminium can increase the strength of surface biofilms ((Stoodley
et al., 2001); Möhle et al., 2007), and can lower the clay particle double layer thickness, thus
improving cohesion and lowering erodibility (Winterwerp and van Kesteren, 2004). Similarly,
field work by Crooks and Pye (2000) showed that actively accreting Essex marshes, East
coast, UK had low bulk densities, high moisture contents, low undrained shear strength and
were poorly consolidated, compared to those in the Severn Estuary, West coast, UK. These
physical substrate properties were likely a result of porewater chemistry as low calcium
carbonate content in Essex allowed sodium ions to dominate the exchange sites on clays,
producing thick water films surrounding the clay particles. This resulted in slow consolidation
and therefore low erosional resistance, the manifestation of which was a dissected marsh
morphology (Crooks and Pye, 2000).

Within a given marsh, sediment properties vary with both distance from creeks and
surface elevation. Larger particles and flocs are generally deposited nearer the creeks while
finer and single particles which are not incorporated into flocs are deposited further from the
creek edge (Christiansen et al., 2000; Kim et al., 2013). Grain size also fines with distance
inland as marsh surface elevation increases (Horton, 1999; Strachan et al., 2016).

While distance from creeks and distance landward affect spatial variability in PSD
(French and Spencer, 1993; Fletcher et al., 1994), vertical layers with distinct PSDs may
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also be present. Storms, for example, can deposit a layer of coarser, inorganic material
(Turner et al., 2006; Schuerch et al., 2016), with deposits becoming thinner and finer in a
landward direction and exhibiting a well-defined basal contact with the underlying marsh
sediments (Hawkes and Horton, 2012; Schuerch et al., 2016). Storm deposits vary within a
marsh, with intense storms depositing a coarser layer at higher elevations, and more frequent,
smaller storms causing accretion at lower marsh elevations (Schuerch et al., 2012). Storms
can also affect surface and subsurface sediment compaction, root decomposition/growth and
soil shrinkage (Cahoon, 2003; Cahoon, 2006), while burial and post-depositional processes
outside of storm events result in the decomposition of organic matter at depth (Spencer et al.,
2003).

All of the above properties have potential implications for the material’s resistance
to hydrodynamic forcing. Finer-grained (silt/clay dominated) or organic substrates, for
example, are less prone to surface or lateral erosion than those comprising coarser, non-
cohesive sediment (Houwing, 1999; Feagin et al., 2009; Ford et al., 2016a; Lo et al., 2017).
This is likely due to the cohesive nature of finer-grained sediments. Therefore, vertical
PSD variability and layering will likely mean that coarser marsh edge layers will erode
preferentially, thus dictating the rate and location of cliff undercutting (Fig. 2.3, Fig. 2.5).
As such, processes of marsh formation that affect variability in sediment composition and
structure may affect retreat that occurs decades or centuries later.

2.4.2 Organic content

The organic content of a marsh substrate represents both particulate organic carbon and roots
(both live and partially decomposed). While section 2.4.5 focuses on the latter, this section
focuses on the combination of the two, as many studies use loss on ignition (which includes
both organic components) to approximate organic matter content.

As with PSD, organic content (OC) of sediments also varies with elevation, with OC
increasing at higher elevations (Horton, 1999; Strachan et al., 2016). While organic-rich
substrates are less erodible on a grain-by-grain scale (section 2.4.1), Brain et al. (2011) and
Brain et al. (2015) found greater compression in sediments with higher OC and belowground
root content. These sediments tended to have high initial void ratios (low density) and
therefore more open, unstable structures. Organic-rich sediments were also found to be
more compressible in marshes in Massachusetts, USA (Knott et al., 1987) and in South
West England, UK (Massey et al., 2006). For example, under storm conditions in microtidal
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marshes in Louisiana, Florida and North Carolina, Cahoon et al. (1995) found that storm-
induced hydrostatic pressure can lower the marsh elevation by tens of millimetres in the
immediate storm aftermath. However, this compaction requires highly organic, compressible
sediment, characteristic of marshes found on the East and Gulf of Mexico coasts of the USA.

Marsh sediment compaction is further enhanced by the decomposition of organic matter,
which creates voids in the substrate, and which also reduces the substrate compressive
strength against the overburden applied by newly-deposited sediments (Bartholdy et al.,
2014). This then increases inundation frequency following a storm and can therefore affect
plant colonisation and future organic matter content (Fig. 2.6). Marsh sediment compaction

Fig. 2.6 The cumulative impact of a suite of processes, attributes (marsh/tidal flat properties),
and contextual factors (external influences on the system) that affect the stability of a sub-
metre block of marsh substrate at a given point in space and time. The timescale bar relates
to the timescale over which the processes operate (hours-days in the far left box, through to
decades and longer in the far right box), not the timescale over which attributes or contextual
factors become important. Arrows denote the influence of one factor on another, and the
directionality (or bidirectionality) of this influence.
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causes time-dependent post-depositional lowering (autocompaction; Long et al., 2006),
generating increased bulk density with depth, even in the uppermost sediment horizons
(Bartholdy et al., 2010b). This then affects substrate resistance as, where bulk densities are
higher, the susceptibility to erosion is lower (Winterwerp et al., 2012) and substrate shear
strength is higher (Watts et al., 2003). For example, young marshes generally have a lower
bulk density than ‘mature’ marshes, so are more susceptible to erosion (Van der Wal and Pye,
2004). As such, organic content affects the substrate bulk density both with depth and over
time, thus contributing to vertical variations in substrate resistance.

OC and bulk density also affect within-marsh variation in compressibility. At Skallingen,
Denmark, surface bulk density increased with percentage sand fraction but decreased with
greater OC (Bartholdy et al., 2010b). This reflected the distance to sediment source (marsh
edge or second order creeks; Bartholdy et al., 2010a). As such, bulk density falls with distance
from the creek (Kim et al., 2013). Bradley and Morris (1990) found that compressibility
was greater near the creek bank at two southeastern US sites. At these sites, substrates
were characterised by increased silt/clay content, lower sand content, lower bulk density,
higher porosity and higher OC. Therefore, it seems that sediments are more compressible
nearer to the sediment source (creeks or marsh edge), which could reflect the more open
structures found in recently-deposited sediments, which have had little time to be compacted.
Organic matter thus increases substrate resistance to near-instantaneous hydrodynamic
forcing through physical (compaction) processes. Furthermore, OC and bulk density are
highly inter-dependent, and also control the structure, density and compressibility of marsh
and tidal flat sediments (Brain et al., 2012). Climatic changes (changes in temperature, CO2

concentration, salinity and nutrients), grazing and human influence (through management
strategies) may also affect the compressive strength of intertidal sediments through their
influence on above- and below-ground vegetation and soil properties (Brain et al., 2017;
Davidson et al., 2017; Spencer et al., 2017). This highlights the need to consider substrate
properties in a wider context (Fig. 2.6).

OC also affects decomposition rates and thereby compaction and bulk density. Both
vary spatially within a marsh. In the Venice Lagoon, inorganic sediment content was greater
near the marsh edge, where inorganic sediment is deposited from the nearby creek, and
also because, although biomass production is high, decomposition is relatively fast (Roner
et al., 2016). The authors also found greater OC in the inner marsh, where there was limited
sediment supply, low biomass productivity and slow decomposition, as marsh interiors
aggrade more slowly (Wagner et al., 2017). As an open structure of salt marsh sediments
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is known to be less erodible (see section 2.4.1) and can compact over time (Brain et al.,
2011), it is likely that, in this case, the marsh edge was less resistant to flow than the marsh
interior. The presence of coarser, and thus more erodible, particle layers at the marsh edge
may additionally complicate this effect, resulting in preferential erosion of particular marsh
layers.

2.4.3 Salinity

On an inter-particle scale, higher salinity promotes flocculation as sodium ions neutralise the
negative sites on clay minerals (Postma, 1967; Eisma, 1986; Mietta et al., 2009). Larger flocs
generally have a higher porosity and lower density (Spencer et al., 2010), which may produce
substrates which are potentially less resistant to erosion (see Grabowski et al., 2011).

Within-marsh variability in salinity largely reflects the balance between the flux of tidal
water, dilution by freshwater, evaporation and sediment drainage. High salinities in the mid-
marsh are due to waterlogging, which can reflect PSD at that location as the finer sediments
drain more slowly and thus generally have higher water contents (Paterson et al., 2000; Kim
et al., 2013). Therefore, salinity is often correlated with moisture content and clay content
(Moffett et al., 2010). As PSD varies both vertically and laterally within a marsh (see section
2.1), salinity may also vary in a similar pattern (but also modified by other factors), thus
affecting substrate erodibility.

As salinity affects within-marsh vegetation zonation (Silvestri et al., 2005), it can also
influence the additional tensile strength provided by roots at different locations within the
marsh. Salinity is also important at the between-marsh (kilometre) scale, with Alldred et al.
(2017) finding that belowground root production was greater in high salinity marshes on
Long Island, New York. This is corroborated by Howes et al. (2010) who found that high
salinity marshes in the Mississippi delta had a higher sediment shear strength than their
low salinity counterparts, which the authors attribute to deeper root systems in the high
salinity marshes. Salinity is thus of importance to marsh substrate response to physical stress,
both directly (through inter-particle cohesion) and indirectly (through affecting vegetation
growth).
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2.4.4 Presence of extracellular polymeric substances (EPS)

EPS are secreted by bacteria and microphytobenthos (particularly diatoms; Malarkey et al.,
2015) and can form erosion-resistant biofilms (Tolhurst et al., 2008). Although evidence for
the stabilising effect of biofilms comes primarily from unvegetated tidal flat environments,
rather than salt marsh surfaces, it is clear that erosion-resistant biofilms can play a significant
role in stabilising the substrate on or near the salt marsh platform. Their presence can increase
the surface erosion threshold by up to fivefold (Le Hir et al., 2007) and they can also be
found on exposed vertical surfaces. This creates spatial and temporal variation in erodibility,
depending on biofilm presence or absence (Tolhurst et al., 1999; Tolhurst et al., 2006a). Given
that microbiological assemblages preferentially colonise fine-grained (clay-/silt-dominated)
sediments (Dyer et al., 2000), EPS presence can further amplify the higher erosion resistance
of finer-grained sediments (see section 2.4.1).

On tidal flats, this stabilising effect of EPS was originally thought to be short-lived
so, following biofilm erosion (during high shear stress; Fagherazzi and Wiberg, 2009), the
underlying substrate was thought to revert to the same resistance as bare substrate (Le Hir
et al., 2007). However, using an erosion chamber and sediments from tidal flats on the Jiangsu
coast, China, Chen et al. (2017) demonstrated that high EPS content in the sub-surface also
binds individual grains and stabilises the sediment, allowing the bed to progressively adjust
to its abiotic strength following surface biofilm erosion. In these experiments, the biofilm
not only increased the critical shear stress, but also the time duration that the surface could
withstand threshold conditions (often by up to approximately two minutes during a seventeen
minute flume experiment), with the biofilm initially degrading before sediment erosion
occurred (Chen et al., 2017). The contribution of sub-surface EPS to substrate resistance was
also recorded by Malarkey et al. (2015), based on laboratory experiments in a recirculating
flume.

Diatoms seasonally colonise the substrate, so biofilm influence is greatest in late Spring
and Summer, but can be negligible in Winter (Underwood and Paterson, 1993). Similarly,
microphytobenthos biomass is greatest in the uppermost centimetre during the day, but
falls overnight (Guarini et al., 2000; Blanchard et al., 2001), resulting in a diurnal cycle
of productivity. Nevertheless, biofilms are thought to be the main substrate component
that controls tidal flat equilibrium elevation and stability (Kakeh et al., 2016). As tidal
flat lowering can affect the hydrodynamic force reaching the marsh edge, the stability of
unvegetated tidal flat surfaces is a key control on salt marsh stability (see section 2.5 below).
Similarly, the relative importance of EPS for substrate stability is probably greater on the
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tidal flat than the salt marsh (as vegetation is absent and thus incident forcing is likely higher).
However, a lack of work into EPS on salt marsh platforms means that, to the best of the
authors’ knowledge, the role of EPS for marsh substrate stability is poorly quantified. For a
full review on biostabilisation, see Paterson et al. (2018).

2.4.5 Presence of live vegetation and roots

Erosion on the marsh platform itself is often minimal (Temmerman et al., 2005; D’Alpaos
et al., 2007; Spencer et al., 2015a) and this is partly attributed to the presence of vegetation,
which can stabilise sediment, prevent surface erosion and reduce boundary layer water
velocities and thus hydrodynamic energy (see section 1.3).

As well as influencing the hydrodynamic forcing applied to the substrate layer itself,
the motion (bending) of above-ground vegetation under waves/currents can also destabilise
surface sediment directly (Spencer and Moeller, 2012) by producing pockmarks following the
removal of individual vegetation elements. Vegetation stems may break when hydrodynamic
forcing reaches a species-dependent critical mean orbital velocity (0.3-1.2 m/sec; Vuik et al.,
2018), which can then reduce the wave attenuation capacity of salt marshes, thus increasing
the erosional forces. The fact that plants are present both above and below ground challenges
the conceptual distinction between soil-external and soil-internal processes. For example,
field and flume studies show that coarser, belowground organic material (roots) may move
under wave action and dislodge sediment, thus potentially enhancing wave-induced erosion
both at the surface and on the vertical marsh face (Coops et al., 1996; Feagin et al., 2009).

Notwithstanding the close connection between the above- and below-ground attributes of
salt marsh surfaces, the contribution of below-ground biomass to marsh substrate stability
has been under-researched compared to the above-ground component (Bouma et al., 2014).
For a variety of different environments, Gyssels et al. (2005) clearly demonstrated how roots
increase substrate stability and thus erosion resistance. Evidence for this has been found
particularly in the upper section of salt marsh cliffs (Mariotti and Fagherazzi, 2010) and roots
have been recognised as important for reducing erodibility and thus marsh lateral erosion
rates (Silliman et al., 2016; Lin et al., 2016; Lo et al., 2017; Sasser et al., 2018). Roots
can increase marsh stability and reduce sediment erodibility (Wang et al., 2017), both on
the marsh surface (Coops et al., 1996; Chen et al., 2012; Francalanci et al., 2013), and at
the marsh edge (Deegan et al., 2012; Silliman et al., 2012). This is particularly important
in Winter, when the lower aboveground biomass reduces the wave attenuation capacity.
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As a consequence, incident hydrodynamic energy may be higher (Schoutens et al., 2019).
However, the role of belowground roots for marsh stability will partly depend on the species,
and root structures, present (Fig. 2.4), as well as factors such as soil aeration, as increased
soil aeration can increase plant biomass (Linthurst, 1979).

Numerous studies in freshwater environments have established that the effect of roots
on substrate strength is generally twofold: roots increase aggregate stability (Pohl et al.,
2009; Du et al., 2010; Li and Li, 2011) and reinforce the soil matrix by providing tensile
strength (Gray and Barker, 2004; Vannoppen et al., 2015). Soil aggregate stability is a key
component of soil structure (see Amezketa, 1999). Soil aggregates are defined as a cluster
of particles between which the forces holding the particles together are greater than those
between adjacent aggregates (Martin et al., 1955). Live roots increase aggregate stability
by providing a surface for aggregate formation (Reubens et al., 2007), by producing root
exudates which bind the soil (Jones et al., 2009) and by increasing substrate particulate OC
which in turn increases soil structural integrity (Bronick and Lal, 2005; Fattet et al., 2011).
As increased aggregate stability reduces sediment erodibility (Knapen et al., 2007; Wang
et al., 2012), roots reduce the sediment erosion caused by waves and currents acting over
the marsh surface and along the cliff edge (i.e. particle detachment due to exceedance of
the critical shear stress). Plant roots therefore directly reduce substrate erodibility through
increasing soil aggregate stability, an effect which is enhanced by increased root density or
longer roots in a given substrate volume (root length density; De Baets and Poesen, 2010;
Knapen and Poesen, 2010; Zhang et al., 2013).

While the soil matrix generally becomes stronger with compression, roots provide tensile
strength, therefore the effects of both components are complementary to each other (Simon
and Collison, 2002). Tensile strength provided by roots varies seasonally, being highest in
the summer months (Morris and Haskin, 1990). The mechanical reinforcement provided by
roots will depend, amongst other factors, on root depth, density and diameter (Van Eerdt,
1985b; Mickovski et al., 2007; Mickovski et al., 2009; Stokes et al., 2009; Loades et al.,
2010; Vannoppen et al., 2016). These controls vary with vegetation species and salinity
(Visser et al., 2000; De Baets et al., 2008; Mitsch and Gosselink, 2015).

Using cores from the Northern Adriatic Sea and volume loss in a wave mesocosm as
a measure of erodibility, Lo et al. (2017) demonstrated that belowground root matter can
increase the erosional resistance of sandy marsh sediments more than in silt/clay-dominated
substrates. This enhanced resistance to concentrated flow erosion is particularly evident with
a fibrous root structure, rather than if tap roots dominate the sediment column (Vannoppen
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et al., 2015; Vannoppen et al., 2017). Nevertheless, for landslide or failure-type processes,
Ghestem et al. (2014) found that vertical tap roots were more effective at stabilising a slope
in the laboratory than a root structure with a mixture of oblique and vertical roots, or one
consisting of rhizomes with offshoots. However, quantitative studies relating measured
substrate shear strength, root properties, and detachment rates in any environment are scarce,
due to the difficulties in measuring substrate shear strength in rooted soils (Katuwal et al.,
2013; Yu et al., 2014).

Increased substrate density and intact roots increase the substrate shear strength (Van
Eerdt, 1985b; Mickovski et al., 2009), particularly in the upper part of the sediment column.
Therefore, the lower stratigraphic column and/or localised areas of waterlogging, where
roots are largely decomposed or dead, are likely to have reduced strength, such as in pools
(Schepers et al., 2017) and below 30 cm depth (Howes et al., 2010; Turner, 2011). However,
at least for deeper soils, this may be partially counteracted by greater bulk/particulate organic
matter contents and compaction (Allen, 1999) and thus a stronger soil matrix. Using erosion
pin measurements in the Venice Lagoon, Bendoni et al. (2016) corroborated this upper cliff
root reinforcement, above a weaker lower cliff, and found that a less resistant cliff toe can
lead to bulk failures and increase the cumulative retreat rate, thus partially negating the
stabilising influence of near-surface roots. This root reinforcement in the upper layers of
the marsh stratigraphy was highlighted by Allen (1989), who found this to be particularly
important in marshes in Morecambe Bay and the Solway Firth, North West England. At
these sites, the sediments were sand-dominated and susceptible to grain-by-grain erosion in
the lower layers, but were strengthened considerably in the upper layers by roots. This was
less apparent in muddier sediments in the Severn estuary. As a result, the Morecambe Bay
and Solway Firth marshes appeared to retreat through cantilever- or beam failure following
undercutting (Allen, 1989).

Decomposition is a key control on the strength of the sub-root-mat layer and varies
with geochemical substrate properties, often being positively correlated with the presence
of interstitial phosphorous and inorganic nitrogen (Mendelssohn et al., 1999). The rate of
decomposition also depends on both the nature of the organic material (Duarte et al., 2010;
Jones et al., 2016) and the nutrient content of the sediment (Turner, 2011). For example, the
herbaceous stems of the generally woody scrub Arthrocnemum macrostachyum have little
lignification and so decompose faster than other components (Simões et al., 2011). Also,
salt marshes with increased nutrient levels see increased microbial decomposition of organic
matter, and reduced biomass allocation to belowground plant components, both of which
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reduce the structural integrity of creek banks (Deegan et al., 2012). As such, the extent to
which decomposition has taken place will likely affect the tensile strength provided by any
remaining, partially-decomposed roots in this lower section.

The linkages between vegetation/root type/density, organic matter, and compaction,
amongst others, are illustrated in Fig. 2.6. There is evidence that lower substrate erodibility
occurs in locations with increased plant species richness and greater root biomass (Ford
et al., 2016a). This is particularly important in erosion-prone sandy sediments, such as in
Morecambe Bay, UK compared to the relatively erosion-resistant clays of Essex, UK (Ford
et al., 2016a).

Although vegetation generally increases substrate resistance, Feagin et al. (2009) used
flume and field studies to provide evidence that vegetation may not directly reduce lateral
marsh edge erosion but, rather, may indirectly influence the erosion rate by altering soil
properties (e.g. density, PSD). Chen et al. (2012) also noted that vegetation influences
substrate properties and erodibility, as the relative importance of roots and downcore con-
solidation for creek bank stability depends on vegetation type. This vegetation-sediment
interaction means that sediments colonised by certain species (e.g. the woody shrub sea
purslane Atriplex portulacoides) are more resistant to flow-induced erosion, while those
colonised by other species (e.g. the sea rush Juncus maritimus) provide greater resistance to
mass movement. Using micro-CT scanning to characterise the root structure at the same site
in southern England, Chen et al. (2019) inferred that the fine, but dense root mat provided
by Atriplex portulacoides plays a key role in providing resistance to flow-induced erosion.
As such, the vegetation type (and thus root structure) is important, and seems to have a
greater stabilising effect on cohesive sediments, but this stabilising effect also depends on
the substrate composition (and thus consolidation). Again, this demonstrates the complex
links between various substrate components (see Fig. 2.6).

2.4.6 Presence of voids and cracks

Voids or cracks within the substrate may be particularly evident at the marsh edge and can aid
the initiation of marsh edge failures. As noted in section 2.3.2, marshes can erode laterally
by cliff undercutting, followed by toppling or slumping failure of the upper cliff. Toppling
failures are often instigated by tension cracks, quasi-vertical cracks produced from the surface
down as the outer part of the cliff or bank begins to topple (Francalanci et al., 2013). This
happens particularly when there is water inside the tension crack or where there are low
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water levels in front of the marsh edge (Bendoni et al., 2014). Tension cracks form in late
summer due to substrate shrinkage and reduced moisture content (Allen, 1989; Morris et al.,
1992). This reduced moisture content can occur due to lower rainfall in the summer months
or also as a result of low summer spring tides which allow time for sediment desiccation
and cracking, as is the case on the UK East coast (Smith et al., 1998; Spencer et al., 2012).
However, tension cracks may themselves also form due to tidal fluctuations and the resultant
cyclic oscillations of mean and effective stresses exerted by the tides (Cola et al., 2008).
As substrate shrinkage and moisture content are known to vary with sediment type, tension
crack formation (and thus the occurrence of toppling failure) likely also depends on intrinsic
substrate properties (Fig. 2.6).

Deeper subsurface stratigraphy can influence lateral water pathways in both natural (Xin
et al., 2012) and restored marshes (Tempest et al., 2015a). Where marshes have developed
in coastal embayments, they are often characterised by a high-permeability sandy layer
overlain by a lower permeability silt/clay layer (Xin et al., 2009; Carol et al., 2011). Based
on modelling analyses, Xin et al. (2012) found that the underlying sandy layer facilitated
drainage of the upper layer during the falling tide. While a reduction in water content would
likely directly increase the substrate shear strength (Watts et al., 2003), the decline in local
soil water saturation may increase aeration of the uppermost soil layer, which can indirectly
improve plant growth (Li et al., 2005; Xin et al., 2010). This would increase substrate strength.
Preferential flow paths through the uppermost soil layer to the lower soil layer can also be
initiated due to bioturbation by invertebrates and the subsequent creation of macropores (see
below; Xin et al., 2009). On a smaller scale, the deposition of coarser storm-related units
will also affect water movement and thus water content, as coarser substrates can drain faster.
This effect on water movement will affect the erosion of particles situated along the pathways
of water flow.

2.4.7 Presence of macrobenthos/invertebrates

Macrobenthos can increase substrate porosity by creating macropores (voids) within the
sediment through burrowing and bioturbation. At the Skeffling mudflat, Humber Estuary,
UK, Paterson et al. (2000) found that porosity increased towards the shoreline, likely due
to a smaller particle size and thus increased water content (as drainage was poorer) and a
higher macrobenthos density. As increasing porosity lowers the bulk substrate yield strength
(the applied stress at which the resultant material deformation is irreversible; Barry et al.,
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2013), and subsurface porosity is a good predictor of surface erodibility (Wiberg et al., 2013),
invertebrates directly affect marsh substrate strength.

Surface deposit feeding bivalves such as Macoma balthica, Scrobicularia plana and
Cerastoderma edule bioturbate surface tidal flat sediments, which reduces the density of the
sediments and increases sediment erodibility (Widdows et al., 2004). This has been found
for a variety of sites, including the Molenplaat tidal flat, Westerschelde, The Netherlands
(Widdows et al., 2000b), mudflats in the Humber Estuary, UK, (Widdows et al., 2000a) and
also in laboratory flume studies (Widdows et al., 1998). Other macrobenthos (e.g. Hydrobia

ulvae and Corophium volutator) have been found to have a similar ‘bio-destabilising’ effect
on intertidal substrates on both tidal flats and salt marshes in Essex, UK (Widdows et al.,
2006). There may be some temporal variability associated with this grazing activity; Macoma

balthica, for example, is known to increase in population density following cold winters
(Widdows et al., 2000a). As such, inter-annual changes to the near-instantaneous resistance of
intertidal substrates, has been correlated to inter-annual changes in these “bio-destabilising”
biota (Widdows and Brinsley, 2002).

In the Bahía Blanca estuary, Argentina, Escapa et al. (2007) found that substrates inhab-
ited by crabs generally had a higher water content and lower shear strength, thus implying
that bioturbation and biological processes affect, or are affected by, the substrate properties.
However, in the same estuary, Escapa et al. (2008) noted that crab burrows can affect sedi-
ment trapping and removal, with crab burrowing promoting sediment trapping in the inner
marsh and on the open mudflat, but also increasing marsh edge sediment erosion. As such,
crabs may produce contrasting geomorphic impacts even within a given marsh system.

Crab burrowing induced oxidised conditions in the upper 10-15 cm of a Spartina alterni-

flora dominated marsh in South Carolina, USA, thus allowing decomposition of belowground
biomass, which lowered the substrate shear strength (Wilson et al., 2012). Therefore, biotur-
bation can increase porosity and reduce belowground live biomass and bulk density, which
reduce substrate strength. However, as invertebrates generally colonise fine-grained sedi-
ments (Dyer et al., 2000), the influence of invertebrates will likely vary laterally and vertically
within the marsh-tidal flat system, producing spatial variability in erodibility. Separating
cause and effect is also difficult, as invertebrates both influence the substrate properties,
but their choice of location and their abundance is also determined by the initial substrate
properties. Once again, this demonstrates the complex inter-connections between individual
resistance-related substrate properties (see Fig. 2.6).
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Biological activity (e.g. crabs, ragworms and amphipods) can increase sediment suscepti-
bility to erosion by waves/tides and can re-organise sediment structure and microtopography
(de Deckere et al., 2001; Escapa et al., 2007; Szura et al., 2017; Vu et al., 2017). Ragworms
and amphipods have also been proposed as a cause of marsh erosion (Hughes and Paramor,
2004; Paramor and Hughes, 2004), however this argument has been questioned due to a lack
of procedural control (Wolters et al., 2005).

2.4.8 Presence of animals (grazing)

Marsh grazing can take many different forms (e.g. grazing by sheep, cattle, geese and others),
but all types of grazing likely affect marsh substrate stability. While grazing in some locations
increases vegetation species richness (Ford et al., 2013a), grazing can also reduce vegetation
species diversity, with grasses such as Puccinellia spp. frequently dominating grazed sites
(Kiehl et al., 1996). What is clear, however, is that grazed sites generally have a lower marsh
canopy height and reduced above-ground biomass and litter volumes (Ford et al., 2013b;
Davidson et al., 2017). It can be argued that a lower marsh canopy height will reduce the
wave attenuation capacity of a marsh, thus affecting the driving force versus resisting force
balance. Similarly, grazing can also create patches of bare ground (Bakker, 1985), with the
expectation that such patches will be considerably more erodible than those with a vegetation
cover. Such bare soil patches also generally undergo higher rates of evaporation, resulting in
higher soil salinity, which can further reduce vegetation species richness in the surrounding
area (Di Bella et al., 2014; Di Bella et al., 2015).

Sediment compaction by grazing due to the repeated trampling by animals is also a
well-known phenomenon (e.g. Lambert, 2000), and is most prevalent in clay/silt/organic-
rich sediments, where compaction can produce anoxic conditions and can thus reduce
decomposition rates of organic matter (Schrama et al., 2013). At least with large grazers (e.g.
cattle), this can result in increased biomass distribution towards the roots and thus increased
belowground biomass Elschot et al., 2015, which can increase stability (see section 2.4.5).
While compaction at depth is expected due to autocompaction (compaction of sediment
under its own weight; Allen, 1999), grazing-induced compaction is generally only apparent
in the uppermost sediment layers (upper 20 cm; Elschot et al., 2013), where it can increase
the sediment bulk density. Such compaction may thus reduce erodibility of the marsh surface
(Pagès et al., 2019). The effect of grazing can therefore affect soil stability via a range of
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interconnected processes through influencing the presence, density, and type of biota present,
as well as soil chemistry and redox potential (Davidson et al., 2017).

2.5 Marsh substrate stability and landform change

This paper has focused on how a number of attributes condition substrate response to
hydrodynamic forcing over near-instantaneous scales (i.e. an immediate driving force
applied by water and the resistance of the substrate to this due to its chemical, physical, and
biological properties). It is clear however that, while often studied in isolation to determine
the relationship between individual attributes and substrate stability, many of these attributes
are in fact closely interlinked. Furthermore, substrate stability may alter over time, as
processes such as soil formation and organic decomposition take place over years to decades
and result in a cumulative effect on resistance to forcing. As the scale of interest moves to
larger spatial scales and longer timescales, morphodynamic feedbacks (Fig. 2.2) as well as the
complex interactions between substrate properties, become important (Fig. 2.7). It therefore
becomes necessary to explore the importance of (a) the possible implications of relationships
between individual attributes and their joint effect on substrate stability, (b) the role of the
wider geological, environmental, and human management context that may determine these
interrelationships and (c) the morphodynamic feedback that connects substrate formation to
landform evolution and vice versa.

2.5.1 Potential connectivity between substrate attributes

Several studies have linked sediment type to erodibility, but often refer to the substrate as
either “sandy” or “muddy”, based on at worst, qualitative impressions and, at best, the median
grain size (e.g. Bouma et al., 2016) and/or use solely the PSD as an indicator of sediment
properties (e.g. Bendoni et al., 2016). While these studies can provide vital information on
the role of PSD in determining soil stability, physical and chemical sediment properties, such
as PSD, clay mineralogy, and organic carbon, are likely to be tightly linked (Grabowski et al.,
2011). Therefore future studies should more explicitly acknowledge and address the spatial
and temporal variability of such interrelationships between substrate properties. This would
improve understanding of how substrate properties, and thus the stability of exposed marsh
sections, might vary in the future.
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Fig. 2.7 Spatial and temporal scales involved in salt marsh evolution, and thus substrate
composition and properties. Modified from: Spencer and Moeller (2012), based on the
original by Cowell and Thom (1994).

In addition to the interrelationships between properties, it is important to better understand
how those properties change over time and what drives such change, thus allowing forecasting
of how substrate properties might change in future. For example, root growth, which
influences stability, is itself affected by soil chemistry. Soil chemistry also acts as a control
on stability in its own right but, over longer periods of time, can determine root growth
and structure (Bouma et al., 2001a). Notwithstanding variability in root type between plant
species (e.g. Bouma et al., 2001b), root growth and soil chemistry may thus, amongst other
influences, result in the particular root network structure, density and depth that become
important for the stability of the marsh substrate at any given point in time. Little is, as yet,
known of such time-dependent interactions.

In summary, while existing studies suggest patterns of spatial variability in some proper-
ties (e.g. PSD, OC; Kim et al., 2013; Strachan et al., 2016), this review shows that future
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studies need to focus more on how these properties link together to translate into the bulk
resistance of the substrate to hydrodynamic forcing (Fig. 2.6). A better understanding of
within-marsh spatial variability in substrate properties and their interactions may allow us to
derive spatially-distributed substrate stability proxies. These proxies could then be used in
two- or three-dimensional morphodynamic models to forecast future marsh change and can
then be trialled against direct observations of marsh change.

Fig. 2.8 illustrates schematically how two or more parameters could be combined into
such an index. Fig. 2.8a depicts a hypothetical marsh platform with multiple bifurcating
channel (creek) networks, interior bare ground and marsh margin shell sand (chenier) ridges.
Fig. 2.8b shows how particle size varies within a marsh, with larger particles near the creek
edges and marsh edge (see section 2.4.1). Fig. 2.8c shows how organic content increases
with elevation (see section 2.4.2). Similar layers for other substrate properties could be

Fig. 2.8 An example of an approach, in which a base layer of the marsh extent and features
(A) is overlain by layers showing the within-marsh variation in substrate properties for a
given marsh (B and C) to produce an overall map of marsh resistance (D).
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produced, and converted into weightings across the layer to summarise how important this
particular property is for providing marsh resistance in a given location. Various layers of
substrate properties (i.e. layer B and layer C) could then be combined linearly or non-linearly
to produce an overall map or index of marsh resistance (Fig. 2.8d), however constraining
these functions from which to create the index remains a challenge. A similar analysis could
be created for specific sediment depths within a marsh.

2.5.2 Context-dependency and spatial variability of substrate resistance

It is clear from the literature reviewed above that salt marsh substrate properties are highly
dependent on regional (e.g. geological and climatological) context. It is also clear that this
regional context, alongside smaller scale and within-marsh variations in physical, chemical,
and biological process regimes causes substrate resistance to be highly spatially variable
between and within marsh systems. Fig. 2.6 lists some of the contextual controls on substrate
stability, how these may interact and also how contextual factors influence the marsh attributes,
and the attributes and processes influence each other in an iterative manner over time.

At the regional scale, geology, climatology, sea-level trends, and other factors form
key controls on salt marsh processes, evolution and, thus, substrate properties (Fig. 2.7).
Geological context, for example, will exert a control on clay mineralogy as a determinant of
inter-particle cohesion and thus susceptibility to erosion by water. Through its effect on plant
growth, hydrology, and soil biogeochemistry, the climate (and therefore the future climate)
exerts an important control on root density, soil salinity, organic matter contents etc.. All of
these properties have been shown to relate to substrate resistance to hydrodynamic forcing
(Fig. 2.6; Howes et al., 2010; Wang et al., 2017; Sasser et al., 2018).

At the individual marsh scale, hydrodynamic exposure and human management (e.g.
Deegan et al., 2012) are examples of processes that can exert marsh-wide controls on substrate
resistance/stability (Fig. 2.6), albeit with potentially significant within-marsh variability.
A more energetic hydrodynamic setting, contrasting offshore geology or different fluvial
discharge, for example, may result in marshes composed of coarser sediments (such as in
the case of Morecambe Bay, UK; Pringle, 1995). The active management (e.g. grazing)
or restoration (e.g. through managed realignment) of salt marshes is widely recognised as
affecting vegetation and sediment properties (Kadiri et al., 2011; Spencer et al., 2017). It is
thus likely to constitute an important control on the attributes relating to substrate resistance to
hydrodynamic forcing, not least due to the tight connection between biological, physical, and
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chemical processes, all of which have been shown to control substrate resistance (Chapman,
1941; Adam, 1978) (see also section 2.5.1 above).

At the within-marsh scale, one of the more obvious spatial patterns in salt marsh substrate
properties controlling their response (in terms of lateral retreat) to hydrodynamic forcing is
the stratification of the marsh. This divides the marsh into a more or less distinct upper, root
dominated, and lower, more compacted and often more homogenous layer, yet many studies
that report on substrate resistance do not explicitly acknowledge this vertical layering. In the
horizontal dimension, the armouring and cohesive effect of biological organisms, such as
diatoms and algae, can be very localised with individual patches of higher resistance less
than meters in size (Weerman et al., 2012). Furthermore, the existence of more complex,
three-dimensional (sub-)surface structures such as chenier or storm deposits of coarser gravel
or shell materials reported on some US and UK marshes (Greensmith and Tucker, 1975;
Visser et al., 2000; Hawkes and Horton, 2012) introduces significant within-marsh variability
in erosion resistance.

To fully understand why and how an individual marsh may respond to a particular
hydrodynamic forcing event, it thus becomes necessary to understand two things. Firstly, the
regional and local context within which the marsh is situated and secondly, the horizontal and
vertical spatial variation in marsh substrate properties within the marsh system. This could
potentially be achieved through extensive field surveys and an ability to identify specific
substrate properties from aerial or drone imagery. Such an understanding would make it
possible to assess the role such variations in substrate properties play in the longer term
evolution of the salt marsh landform.

2.5.3 Role of substrate properties in salt marsh morphodynamics

Salt marsh morphodynamics refer to the inter-annual to decadal change in marsh morphology.
When considering the role of individual substrate properties in such longer-term (decadal
scale) landform evolution, it is important to note that the salt marsh landform is tightly
associated with adjacent sedimentary units, most importantly, the fronting tidal flat or creek
bank/slope and any barriers located to the seaward side. Unvegetated surfaces provide less
resistance to hydrodynamic forcing than vegetated marshes (Kirwan et al., 2010; Spencer
et al., 2015b) and wave energy is dissipated less than on the marsh (Möller et al., 1996;
Moller et al., 1999). The resulting higher hydrodynamic energy over the unvegetated adjacent
surfaces may thus result in a higher relative mobility of tidal flat compared to marsh sediments,
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tidal flat lowering, and the formation of marsh cliffs (Bassoullet et al., 2000; O’Brien et al.,
2000), particularly during winter (Callaghan et al., 2010). It can also release sediments that
then contribute to accretion on the marsh surface (Reed et al., 1985; Fagherazzi and Priestas,
2010; Fagherazzi et al., 2013; Schuerch et al., 2019). Given identical forcing conditions,
the evolution of the marsh over longer (annual-to-decadal) time scales is thus not merely a
function of substrate properties of the marsh and those exposed at the cliff, but also of those
of the fronting tidal flat (Mariotti and Fagherazzi, 2010).

Evans et al. (2019) provide evidence for the importance of morphodynamic feedbacks
in driving salt marsh morphological change through time. Edge erosion can, for example,
inhibit further marsh loss when eroded material is deposited on the tidal flat, lowering the
water depth and reducing wave power at the vegetated margin (Bendoni et al., 2016; Mariotti
and Canestrelli, 2017).

Marsh edge change can also be cyclical, with marshes undergoing phases of progradation,
followed by erosion. Such behaviour has been noted on marshes in Morecambe Bay, UK
(Pringle, 1995) and in The Wash, UK (Kestner, 1962) and has been linked to the migration
of tidal channels. Cyclical expansion has been noted at Raahede, Denmark (Pedersen and
Bartholdy, 2007). Here, formation of a shore-parallel creek landward of the marsh edge,
followed by deposition of fine-grained sediments on patches of relatively high elevation on
the seaward side of the creek was shown to establish a new marsh, resulting in a stepped
morphology containing relict marsh cliffs.

Where the above mechanisms have led to the exposure of marsh substrates at a near-
vertical cliff face, however, substrate properties likely exert a strong influence on how marsh
margin morphology evolves. While the marsh elevation relative to the tidal frame controls
where waves act (Tonelli et al., 2010), evidence also exists for cliff undercutting at points of
substrate weakness by tidal and wave action (see Fig. 2.3), followed by cantilever, toppling
failures or gravitational slumping once the overlying section weight exceeds the combined
sediment and tensile root mass strength, causing episodic failure under gravity (Allen, 1989;
Allen, 2000; Francalanci et al., 2013; Bendoni et al., 2014; Turner et al., 2016; Leonardi
et al., 2018). This mass wasting can significantly increase suspended sediment concentrations
(Ganju et al., 2013) and may result from local depth-dependent wave field variations at the
cliff toe (Bendoni et al., 2016). Mass wasting can account for 50-70% of total marsh edge
retreat in some locations, with the removal of particles from the marsh margin through particle
entrainment and/or hydraulic pressure (impact forces) likely accounting for the remaining
erosion (Priestas et al., 2015). The movement of plant roots can assist the dislodgement of
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material (Feagin et al., 2009). Our understanding of the precise role of each process (mass
wasting, particle entrainment, root movement) and the interaction of all these processes
in cliff retreat is largely limited by a lack of direct observations as most studies rely on
before-after tidal/wave impact cliff surveys.

Models of marsh evolution under future climate change scenarios frequently use an
erodibility coefficient to describe the erosion resistance of the substrate (e.g. Mariotti and
Carr, 2014). In Van de Koppel et al. (2005)’s model, for example, the cliffed boundary retreats
at a rate modulated by the incident wave forcing, tidal flat dynamics and marsh cliff stability.
Cliff stability is assumed to be a spatially homogenous property and is poorly defined through
a fixed critical erosion shear stress. As such, there are neither direct observations of marsh
edge erosion processes, nor are there models which adequately parameterise the properties
identified above as influencing rates and location of erosion.

Marsh edge retreat may also represent a form of ‘self-organisation’ whereby marsh
expansion into deeper water reaches an exposure threshold triggering cliff formation and
recession (Kestner, 1962; Van de Koppel et al., 2005; Singh Chauhan, 2009). Wang et al.
(2017) found that the relative importance of external versus intrinsic factors for marsh edge
erosion in the Westerschelde, The Netherlands, depends on the scale of analysis. Pioneer
vegetation fronting the cliff and wind exposure were most important at larger landscape scales,
foreshore morphology at intermediate within-site scales, and differences in cliff erodibility
(due to sediment composition and below-ground biomass) at local centimetre-metre scales.

This review has highlighted several key areas for future research. Firstly, the need to
understand both the horizontal and vertical variation in marsh substrate properties. Secondly,
the necessity to determine precisely how these substrate properties act together to affect the
bulk resistance of the substrate to hydrodynamic forcing. Thirdly, the need to better under-
stand the spatial and temporal variability of interrelationships between substrate properties
and therefore how these properties and thus stability might vary in the future.

An improved understanding of the spatial variability of tidal wetland properties, and their
influence on the rates and occurrence of erosion processes will help ascertain how these
properties may alter morphodynamic behaviour over long timescales (decades-centuries).
In practice, this increased understanding will both improve projections of future marsh
extent, and will also have key implications for the success of future salt marsh restoration
and re-creation (e.g. in ‘managed realignment’) schemes. Such schemes are becoming
increasingly popular for sustainable flood risk management and habitat creation, particularly
in Europe (Esteves and Williams, 2017). The focus, however, has largely been on restoring or
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reproducing the ‘natural’ marsh vegetation types and vegetation structure, to improve habitat
provision and/or biodiversity (Morris, 2012). Considerably less attention has been paid to
the stability of the marsh soils that are produced as a result of such restoration practices.
For this, an improved understanding of both the spatial variability and interdependence of
sedimentological, chemical, hydrological and geotechnical properties is required, as well
as how these properties may alter morphodynamic behaviour and thus stability over longer
timescales.

2.6 Summary

The body of literature linking individual physical, chemical, or biological properties to the
susceptibility of salt marsh substrates to erosion by near-instantaneous hydrodynamic forcing
has grown steadily over the past two decades. Less is, however, known about the way in
which and the degree to which individual substrate properties interlink to affect substrate
stability over time and across space (as we illustrate schematically in Fig. 2.6).

Over time, the dominant factors affecting substrate resistance will vary. In a ‘young’
marsh, PSD and thus offshore or terrestrial geology may be most important. As a marsh
ages, the cumulative impact of marsh processes and interactions over time become more
dominant (French and Stoddart, 1992). Factors such as management history (grazing or
turf cutting) may become significant through their influence on plant diversity and thus
root properties (e.g. Davidson et al., 2017). This time-dependence is further amplified
as morphodynamic feedbacks are instigated (e.g. Evans et al., 2019) and forcing and
resistance/stability themselves become interlinked.

Future studies must consider co-variance between properties as well as their combined
influence on substrate stability (Fig. 2.6) and illuminate better some key relationships between
attributes and processes, such as how roots affect the substrate OC or porosity, especially at
depth, or how roots themselves directly contribute to substrate strength.

Finally, a better understanding of within-marsh spatial variability in substrate properties
and their interactions may allow researchers to derive spatially-distributed substrate stability
proxies. Ultimately, and alongside a wider consideration of sediment delivery, sea level rise,
human management actions, etc., such an approach is necessary to improve the success of
managed realignment schemes, and to improve our ability to understand and predict how
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particular marshes will respond to changes in biological, climatological, and hydrodynamic
conditions resulting from future climate scenarios.



Chapter 3

Study sites

In the UK, salt marshes are found on sheltered or shallow sloping shores with ample fine
sediment supply. An Environment Agency study mapped the extent of salt marshes in
England and Wales between 2006 and 2009 from aerial photography, identifying a total salt
marsh area of 40,522 ha (Table 3.1; Phelan et al., 2011). A similar report by Scottish National
Heritage identified and recorded 7704 ha of salt marsh in Scotland from aerial photography
between 2010 and 2012 (Haynes, 2016). The Anglian and North West coastlines have the
greatest salt marsh area, constituting 38% and 30% of total salt marsh area in England and

Table 3.1 Area of salt marshes mapped (based on 2006-2009 aerial photography) in each of
the Environment Agency regions. Modified from: Phelan et al. (2011).

Region Area (ha)

By Environment Agency region:
Anglian1 15255.75
North East 476.06
North West 12018.88
South West1 2574.03
Southern 2707.31
Thames 539.54

By country:
Wales 6950.16
England 33571.57
England and Wales 40521.73
1 Salt marsh from the Midlands region was
divided between these regions for simplicity



58 Study sites

Wales, respectively (Table 3.1). Based on eight regions in the year 2000 mapped by Ladd
et al. (2019), the Solway and the Wash had 4000 ha and 4800 ha of salt marsh, respectively
(Table 3.2). Morecambe Bay, and Essex-Kent (both the North and South regions defined by
Ladd et al. (2019)) contained between 1600 ha and 2100 ha (Table 3.2).

In the UK, Adam (1978) described three distinct regions based on vegetation composition:
South East England, the West Coast and the Scottish loch head marshes, with the vegetation
composition in each sere being attributed to a response to the nature of the substrate. For
example, the East coast is generally characterised by a firm clay substrate, colonised by
varied flora and a complex vegetation succession, whereas the West coast generally comprises
a sandier substrate colonised by grasses (Chapman, 1941), with Puccinellia maritima being
important in the low marsh (Adam, 1978).

Hydrological conditions also vary around the UK. Tidal ranges around the UK are
mesotidal to macrotidal semidiurnal regimes. Whether or not the tidal regime leads to flood-
or ebb- dominance is a result of the configuration of the estuary and marsh setting, alongside
offshore geomorphology. In general, estuaries on the West coast, the Essex and Kent coasts,
and in the Wash are flood-dominant, while those in the Solent are ebb-dominant (Ladd
et al., 2019). In general, relative sea-level rise is lowest in the North West of the UK, but
highest in the South East, due to post-glacial isostatic adjustment (Bradley et al., 2011).
Following a similar North West to South East gradient the sediment size decreases from
sand-dominated to finer silt and clay dominance, and tidal amplitude reduces (Goudie, 2013).
Waves are the result of the combination of fetch (the distance over which the wind blows),
wind speed and wind duration. Prevailing wind direction in the UK is southwesterly, so
the highest waves tend to form from these directions. However, if the highest wind speeds
occur from directions that are not the prevailing direction, and blow for long enough and

Table 3.2 Salt marsh area (hectares) in 2000 for eight regions mapped by Ladd et al. (2019).

Region Salt marsh area in 2000 (ha)

Solway 4000
Morecambe 2000
Cardigan 1000
Solent (West) 250
Solent (East) 500
Essex-Kent (South) 1600
Essex-Kent (North) 2100
The Wash 4800
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over a large enough fetch, these can also produce high waves. Therefore, observations of
waves on the East coast typically record lower wave heights than on the West coast. On the
West coast, the higher tidal range and generally higher incidence of storms (as depressions
move from West to East at the Northern hemisphere mid-latitudes) can have a large impact,
particularly if storms coincide with tidal peaks. On the East coast, prevailing (south)westerly
winds mean that conditions are often tide-dominated, albeit with notable exceptions. For
example, when meteorological conditions such as the presence of easterlies or northerlies
allow storm systems which originate to the East or North to track across the North Sea,
generating significant storm surges and unusually high waves.

The overarching aim of this thesis is “to understand the role of substrate composition in
explaining the response of minerogenic marsh soils to applied stress” (p. 14). Therefore, it
is important to ensure that observations are gathered from sites with contrasting substrate
composition, but also with a record of net salt marsh sediment loss. This indicates that, at
those locations, marsh substrate resistance is currently being, or has recently been, exceeded
by hydrodynamic forcing. The sites used in this study are both open coast marshes (sheltered
by extensive tidal flats to seaward). Such marshes are more likely exposed to extreme
hydrodynamic energy (particularly from waves and tides) than back-barrier, or estuarine
marshes, which are more sheltered. Selecting marshes that have shown tendencies for erosion
in the past allowed for marsh erosion to be observed from repeat aerial photography alongside
the testing for marsh substrate response to forcing in the laboratory. Sites were chosen from
the North West (Morecambe Bay) and South East (Essex) of England to encompass two of
the three marsh groups defined by Adam (1978), allowing much of the floristic diversity in
the UK to be encapsulated. By choosing marshes from the North West and South East, this
incorporated a sand-dominated substrate and a clay-silt dominated substrate, respectively.
The chosen field sites differed in their orientation with respect to prevailing winds and
therefore specific hydrological regimes. However, they both represent an open coast setting
with a history of exposure to high energy conditions, alongside contrasting sedimentological
and ecological composition. This allows the overarching thesis aim to be addressed.
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3.1 Tillingham

3.1.1 Location

Tillingham marsh is located on the central section of the Dengie Peninsula, Essex, UK, about
three kilometres East of Tillingham village (Fig. 3.1a). The Dengie Peninsula marshes are
located between the River Blackwater and River Crouch estuaries to the North and South,
respectively, and comprise a narrow strip of marsh (maximum 1 km wide; Fig. 3.2). To
the landward side lies a sea wall constructed in the mid-19th Century (Reed, 1988) built to
protect low elevation agricultural land, while unvegetated intertidal flats lie on the seaward
side. These intertidal mudflats (0.9-1.4 m Ordnance Datum Newlyn; ODN, where 0.0 m
ODN approximates to UK mean sea-level) are composed of sands and silty sands (Pye and
French, 1993) and, at Tillingham, stretch to approximately four kilometres offshore, allowing
some wave energy to be dissipated prior to reaching the salt marsh (Moller et al., 1999;
Möller and Spencer, 2002). The sampling sites are located along a shore-normal transect,
and discussed further in Chapter 4. The marsh is privately owned and ungrazed.

The Dengie SPA (Special Protected Area) is designated a wetland of international im-
portance as it supports a wide variety of wintering waterfowl and wildfowl, including
Dark-bellied Brent Goose (Branta bernicla bernicla), Knot (Calidris canutus), Grey Plover
(Pluvialis squatarola) and Hen Harrier (Circus cyaneus; Natural England, 2000).

3.1.2 Regional context and past dynamics

Following deglaciation of the British-Irish Ice Sheet, relative sea-level in the Essex/Thames
region rose relatively rapidly from as low as 30 m below present approximately 11 ka BP
(Before Present) to around 8 m below present approximately 7 ka BP (Shennan et al., 2018).
The rate of relative sea-level rise then slowed, but rose continuously to present day (Shennan
et al., 2018), providing accommodation space for the development of salt marshes.

The southern Dengie Peninsula comprises former Holocene marshes (Greensmith and
Tucker, 1973), which have undergone marsh reclamation between the 15th Century and circa

1875 (Gramolt, 1960). This marsh reclamation is the result of progressive enclosure by a
combination of concrete walls, revetments and earth embankments (Dixon et al., 1998), with
the furthest seaward of these having been erected in the mid-20th Century.
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Fig. 3.1 Map of Tillingham marsh (a), Warton marsh (b). The study sites are highlighted by the black boxes. The Arnside and
Silverdale Area of Outstanding Natural Beauty (AONB) is also labelled. Basemaps use OS Terrain5 DTM (OS, 2020) for topography
and GEBCO bathymetry data (GEBCO, 2020) at 15 arc-second intervals reprojected onto British National Grid for a pixel resolution
of 275 x 450 m. OS Boundary-LineTM data was used for the coastline (Contains OS data © Crown copyright and database right 2018).
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Fig. 3.2 Site maps of Tillingham marsh (a) and Warton marsh (b), zoomed in on the study
site locations in Figure 3.1. Tillingham basemap is orthorectified RGBN (Red, green, blue
and near-infrared) imagery from 2016, downloaded from https://environment.data.gov.uk/
DefraDataDownload/?Mode=survey. Warton basemap imagery is Planet Imagery captured
on 6th May 2020, and downloaded from https://www.planet.com/explorer/

While tidal currents in the southern North Sea move to the South West on the flood and
North East on the ebb (McCave, 1979), net sediment transport is to the South South West
(Stride, 1963). Nevertheless, this bidirectional movement allows sediment to be supplied from
both the East Anglian coast and from the Thames. Sediment supply to the East Anglian coast
and to the Outer Thames estuary in turn is thought to originate mainly from the coastal cliffs
of the Norfolk and Suffolk coastlines, with lower inputs from fluvial sources and offshore
sediment mobilisation (McCave, 1987). The gravel, silt, sand and clay sediment from eroding
cliffs in Norfolk and Suffolk (Fig 3.3) is then transported in a south/southwesterly direction
(Devoy, 1982), towards the Thames Estuary. Tidal currents can also transport clay sediment
northeastwards from the Thames Estuary to the Dengie Peninsula (HR Wallingford, 2002;
Fig 3.3). This is particularly important, as the average suspended solids output from the
Thames estuary is around 60 mg/litre at Southend (Baugh et al., 2013). There are also other

https://environment.data.gov.uk/DefraDataDownload/?Mode=survey
https://environment.data.gov.uk/DefraDataDownload/?Mode=survey
https://www.planet.com/explorer/


3.1
Tillingham

63

Fig. 3.3 Geology map of the area surrounding Tillingham marsh. Geology data uses British Geological Survey 1:625000 2010
Geopackage data. Used under BGS OpenGeoscience Licence, Copyright: Contains British Geological Survey materials © NERC
2021. Obtained from: https://digimap.edina.ac.uk/

https://digimap.edina.ac.uk/
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known sediment sources from the southern side of the Thames Estuary, such as erosion of
London Clay cliffs on the Isle of Sheppey, which are thought to have provided sediment to
the Essex and Kent estuaries (see Nicholls et al., 2000).

3.1.3 Present/historical dynamics

Over the past 100-150 years, the Dengie marshes have demonstrated dynamic behaviour, with
evidence of both advancing and retreating phases (Greensmith and Tucker, 1965; Harmsworth
and Long, 1986; Burd, 1992; Pye and French, 1993; Cooper et al., 2000; Pye, 2000). Maps
indicate that the current marshes formed and expanded between 1870 and 1950, with most
expansion happening after the early 1890s (Van der Wal and Pye, 2004). Since the 1950s,
marsh areal change has been dominated by lateral retreat, which has occurred despite vertical
accretion (Reed, 1988; Callaway et al., 1996; Van der Wal and Pye, 2004; Evans, 2018).
The overall reduction in salt marsh area for the 1955-1990 period was circa 12 ha/year (Van
der Wal and Pye, 2004). This change was not a linear trend but was rather characterised by
alternating periods of rapid erosion, slower erosion, and progradation, the rate and magnitude
of which varied along the peninsula (Pye and French, 1993). For example, rapid lateral
marsh retreat occurred during 1953-1960, with some sections retreating by up to 270 m
(Greensmith and Tucker, 1965). Rapid retreat also occurred in 1970-1973 (16 ha/year) and
1978-1981 (8.7 ha/year; Harmsworth and Long, 1986). In response to this overall decrease
in marsh area, barges were sunk offshore just North of Tillingham marsh in the 1980s to act
as porous breakwaters and to encourage marsh and tidal flat accretion (Fig. 3.2; Pethick and
Reed, 1987). Subsequent retreat appeared to be slower, such as in 1973-1988 and 1988-1998,
during which marsh loss of only 3 ha/year occurred (Burd, 1992; Cooper et al., 2000). Most
recently, and using shore-normal profiles provided by the UK Environment Agency, Van
der Wal and Pye (2004) recorded an average marsh retreat of 1.1 m/year between 1991 and
2000. However, there have also been phases of progradation and, between 1960 and 1970,
the Dengie marshes prograded approximately 3.2 ha/year (Harmsworth and Long, 1986).

Vertical accretion rates have also varied along the Dengie Peninsula. Between 1963 and
1991, vertical accretion rates for the low and high marsh in the central Dengie Peninsula were
4.6 mm/year and 3.4 mm/year, respectively, based on Caesium-137 dating (Callaway et al.,
1996). Further South, near Bridgewick, Reed (1988) calculated a mean vertical accretion
rate of 7.5 mm/year, concluding that variations in vertical accretion rate reflect the marsh
elevation within the tidal frame and the distance from the marsh-mudflat transition.
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3.1.4 Contemporary environments

3.1.4.1 Morphological characteristics

Tillingham marsh lies at approximately 1.9-2.5 m ODN (Pye and French, 1993). The marsh
expands from <100 m width at its northernmost point, behind a line of sunken barges (see
Fig. 3.2), to around 800 m width at its widest point. The nature of the marsh-mudflat
transition changes between the North and South of the Dengie Peninsula. Some 2-5.5 km
North of the Tillingham marshes, the marsh edge is marked by a relatively shallow slope and
dominated by Chenier ridges (Greensmith and Tucker, 1975), consisting of shell mounds
(Fig. 3.4a). These Chenier ridges afford some protection for the marshes from incoming
waves (Richards and Pye, 2001). In contrast, circa 3 km to the South of the Tillingham

Fig. 3.4 Example of Chenier ridge washover deposits at Tillingham (a), and the cliffed section
(circa 1 m high) at Bridgewick at the central part of the Dengie Peninsula, approximately 3
km South of Tillingham marshes (b). The marsh edge ridge-runnels are shown in (c), and
have an amplitude of about 50 cm peak-to-trough. Shore-normal ridge-runnels on the tidal
flat are of lower amplitude (d). Photographs taken Feb 2017 (a/b) and Sep 2017 (d) by H
Brooks and I Möller.



66 Study sites

marshes, near Bridgewick, the marsh is characterised by a cliffed margin, which was 1.5-2.2
m high in the early 2000s (Möller and Spencer, 2003), however is now lower (circa 1 m;
Fig. 3.4b). Tillingham marsh is located in the central section of the peninsula, and the marsh-
mudflat transition is characterised by well-developed, shore-normal ridge runnel morphology
(Fig. 3.4c; Schuerch et al., 2019). The ridges are often colonised by green algae (Vaucheria

spp.), while the runnels contain shell deposits. Chenier deposits are also present along the
marsh margin, and are dominated by cockle shells (Cardium spp.). The channel network
comprises large, shore normal creeks up to approximately 10 m wide at the seaward side of
the marsh, which then become narrower inland. Smaller channels about 1 m wide fork from
the larger creeks, and the drainage density becomes higher inland as the number of higher
order creeks increases and the drainage network becomes more dendritic in nature (Fig. 3.5).

Fig. 3.5 Orthomosaic of Tillingham marsh. Taken 16/01/2018 by B. Evans.

3.1.4.2 Composition

Tillingham marsh is clay/silt-dominated (Ford et al., 2016a), with data from Wood et al.
(2015) denoting a median grain size (D50) of 14.75 µm on the marsh and a D50 of 46.7 µm
on the tidal flat (Table 3.3). The particle size distribution on both the marsh and tidal flat
was platykurtic to mesokurtic (kurtosis 0.9-1.0; Fig. 3.6), denoting a wide range of grain
sizes. The sediments are smectite-rich (circa 40%), have a high sodium absorption ratio and
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Table 3.3 Median particle size (D50; µm) at Tillingham and Warton tidal flat and salt marsh
during Winter and Summer. Based on data from Wood et al. (2015).

Location Tidal Flat,
Winter

Tidal Flat,
Summer

Salt Marsh,
Winter

Salt Marsh,
Summer

Tillingham (D50) 40.8 52.6 14.8 14.7
Warton (D50) 89.4 90.0 66.7 65.5

low calcium carbonate contents (<4% on the Dengie Peninsula), which act to reduce rates of
sediment consolidation (Crooks and Pye, 2000). Data from Ford et al. (2016b) indicated a
mean organic matter content of 4.64-5.90% in the uppermost 30 cm of sediment (Table 3.4).

As with other East coast marshes, Tillingham marsh is floristically diverse and therefore
typical of a North West European mixed marsh community (Adam, 1978). The mature,
mid/upper-marsh (2.4-2.7 m ODN) is composed of Puccinellia maritima, Limonium vulgare

Fig. 3.6 Particle size analysis for Tillingham and Warton tidal flat and salt marsh in both
Winter and Summer. Data from: Wood et al. (2015).
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Table 3.4 Organic content measurements from 22 locations at Tillingham and 21 locations at
Warton for 0-10 cm, 10-20 cm and 20-30 cm depth. Data obtained from Ford et al. (2016b).
All values are given to two decimal places.

Tillingham Warton

0-10 cm 10-20 cm 20-30 cm 0-10 cm 10-20 cm 20-30 cm

Mean (%) 5.90 4.64 5.00 5.91 2.36 1.32
Standard deviation (%) 1.25 1.11 2.07 3.69 2.90 0.53

and Atriplex portulacoides (Fig. 3.7a/b; Möller, 2006), with Elymus athericus colonising
levees along some creek margins. Pioneer or low marsh communities occur ⩽ 2.4 m ODN
(Rupprecht et al., 2015), often constituting patches several square metres in size comprising
Spartina anglica, Salicornia spp., Suaeda maritima and Aster tripolium (Fig. 3.7c/d). The

Fig. 3.7 Examples of vegetation found at Tillingham. Puccinellia maritima, Atriplex portula-
coides, Limonium vulgare and Elymus athericus on the mid/mature marsh (a/b), while the
low/pioneer marsh is characterised by patches of individual species, such as Spartina anglica
(c), but also includes species such as Salicornia spp. and Suaeda maritima (d). Photographs
taken in: Oct 2017 (a/d), Oct 2018 (b) and Jul 2017 (c) by H Brooks.
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marsh is ungrazed and has a typical above ground biomass of 0.27 ± 0.15 kg dry weight/m2

(Ford et al., 2016a).

3.1.4.3 Hydrodynamic setting

Tillingham marsh is exposed to a macrotidal regime, with a Mean Spring Tide Range of 3.7
m at Harwich (Table 3.5; Fig. 3.8), approximately 30 km North East of Tillingham marsh.
The tidal regime is flood-dominant, while the tidal residual current moves from North to
South along the peninsula. The Mean Spring Tidal range increases to 5.21 m at Sheerness,
located approximately 30 km South West of Tillingham marsh.

Table 3.5 Tidal characteristics for Harwich and Heysham between 2008 and 2026, based on
predicted tidal levels. Values are given relative to Admiralty Chart Datum first, then relative
to Ordnance Datum Newlyn in brackets. Values were all obtained from the National Tidal
and Sea-Level facility. Admiralty Chart Datum was 2.02 m and 4.90 m below Ordnance
Datum Newlyn at Harwich and Heysham, respectively.

Predicted tidal constituent Harwich (m) Heysham (m)

Highest Astronomical Tide 4.60 (2.58) 10.76 (5.86)
Mean High Water Springs 4.15 (2.13) 9.67 (4.77)
Mean High Water Neaps 3.34 (1.32) 7.49 (2.59)
Mean Low Water Neaps 1.12 (-0.90) 3.05 (-1.85)
Mean Low Water Springs 0.45 (-1.57) 1.18 (-3.72)
Lowest Astronomical Tide -0.11 (-2.13) 0.22 (-3.50)

The marsh edge at Tillingham is inundated during spring high tides, but not during neap
tides (Fig. 3.9a). The tidal flat is inundated approximately 50% of the time, while the marsh
edge is inundated just under 10% of the time (Fig. 3.10). At the vegetated marsh edge, Möller
and Spencer (2002) recorded water depths of 0.12-0.84 m between September 2000 and July
2001. Wave transect data from the CBESS (Coastal Biodiversity and Ecosystem Service
Sustainability) project wave transect indicate mean water depths of 0.52 m (minimum 0.23 m;
maximum 1.15 m) on the tidal flat and 0.27 m (minimum 0.11 m; maximum 0.88 m) at the
marsh edge, when inundated (Fig 3.11; Table 3.6). While the Highest Astronomical Tide at
Harwich is 2.51 m ODN (Table 3.5), storm surges are able to raise water levels considerably
higher than predicted astronomical tides, with the surge residual having reached up to 2 m at
times for the Harwich record (Fig. 3.8b).

The Dengie Peninsula is susceptible to storm surges such that tidal elevations can be
considerably affected by easterly and northerly storms, when storm surges propagate into
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Fig. 3.8 Tide gauge record from Harwich (location: 0.51.9474N 1.2845E) for 1954-1960,
1967-1976, and 2004-2020. Water level is shown in (a) and surge residual in (b). Data
was downloaded from the British Oceanographic Data Centre (BODC), which linked to the
National Tide and Sea Level Facility (NTSLF) data portal.

Table 3.6 Minimum, maximum and mean Hs and water depth from CBESS wave transect
data. The water depth at PT4 at Warton did not exceed 0.12 m during the 104 tides which
inundated the wave transect, so measurements of Hs are not shown as the Hs measurement
error at water depths <0.2 m was too high, rendering the results ’invalid’. Measurements were
taken for those tides which inundated the wave transect. This was 254 tides at Tillingham
and 104 tides at Warton. For a full description of the data, see Fig. 3.11.

Hs (m) Water depth (m)
Mean Minimum Maximum Mean Minimum Maximum

Tillingham PT3 0.10 0.00 0.67 0.52 0.23 1.15
PT4 0.06 0.00 0.55 0.27 0.11 0.88

Warton PT3 0.16 0.03 0.63 0.45 0.13 1.12
PT4 N/A N/A N/A 0.10 0.09 0.12
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Fig. 3.9 Water elevation throughout a full tidal cycle at both Harwich/Tillingham (a) and
Heysham/Warton (b). These particular tidal cycles were selected as they both had relatively
low tidal residuals, and the water elevation on the spring tides reached approximately Mean
High Water Springs (MHWS) and Mean Low Water Springs (MLWS). The water elevation on
the neap tides reached around Mean High Water Neaps (MHWN) and Mean Low Water Neaps
(MLWN). Tide gauge data was corrected for distance from the tide gauge based on differences
in the Mean High Water Springs (MHWS) for locations around the UK coast in the Environ-
ment Agency Coastal Flood Boundaries layer (see Environment Agency, 2019), downloaded
from https://environment.data.gov.uk/dataset/8427e52e-d465-11e4-904a-f0def148f590 . The
offset was as follows: tidal levels at Tillingham are 0.5 m above those at Harwich, while
those at Warton are 0.11 m above those at Heysham, and the data in the figure was corrected
for these offsets. Tidal constituents (MHWS, MHWN, MLWN and MLWS are shown (blue
lines), alongside marsh elevation at the marsh edge sampling site (red line).

https://environment.data.gov.uk/dataset/8427e52e-d465-11e4-904a-f0def148f590
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Fig. 3.10 Cumulative frequency of inundation at Tillingham and Warton, calculated based
on the most recent 18.6 years of tide gauge data from Harwich and Heysham, respectively.
Water elevations at the marsh were corrected for distance from the tide gauge as in Fig. 3.9.

the relatively shallow southern North Sea basin. For example, the 1953 and 2013 storm
surges reached elevations of 4.4 m ODN at West Mersea in the Blackwater Estuary (Spencer
et al., 2015a), which would have led to 2 m overmarsh water depth at Tillingham marsh. As
mentioned above, the whole of the South East/Anglian coastline is susceptible to North Sea
surges, with Steers et al. (1979) reporting water levels at King’s Lynn of 1.92 m, 2.40 m and
1.60 m above the predicted tidal elevations during the 1949, 1953 and 1978 storm surges,
respectively. Exceptionally high water levels have been observed at Tillingham in the past
particularly when storm surges coincide with high tide levels. For example, during the storm
surge on 8th January 2019, the water depth above the marsh surface reached 0.8-1.4 m, as
measured on a site visit on 11th January 2019 using RTK dGPS (Fig. 3.12).

The wave climate on the outer tidal flat of the Dengie Peninsula (in 8 m water depth) is
dominated by smaller waves, with under 5% of waves between October 2006 and November
2009 having a significant wave height (Hs) over 0.8 m (Fig. 3.13). The incoming wave
direction is varied, with most waves (circa 13%) arriving from the East, a secondary compo-
nent from the South West (circa 10%) and a tertiary component from the North West (circa

6%; Fig. 3.13). Almost all waves with an Hs of >0.8 m originate in the East (Fig. 3.13).
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Fig. 3.11 Histogram of water depths from sensor 3 (furthest landward tidal flat location) and
sensor 4 (furthest seaward marsh edge location) on the CBESS wave transects at Tillingham
(a and b) and Warton (c and d) between 14/10/12 and 19/11/13 at Tillingham and 28/10/12
and 7/12/13 at Warton. Measurements were taken for those tides which inundated the
wave transect. This was 254 tides at Tillingham and 104 tides at Warton. Sensor 4 was
chosen as it was similarly located to the marsh edge sampling site at each marsh. Sensor 3
was chosen as the data was more complete than at sensors further seaward, and it allowed
understanding of hydrodynamic conditions at Warton cliff base. Data and metadata was
downloaded from: https://data.gov.uk/dataset/027a3790-bab6-484d-8040-250e924c3a4f/
coastal-biodiversity-and-ecosystem-service-sustainability-cbess-wave-monitoring-over/
-saltmarsh-and-mudflat-habitats(Accessed: 05/06/2020)

https://data.gov.uk/dataset/027a3790-bab6-484d-8040-250e924c3a4f/coastal-biodiversity-and-ecosystem-service-sustainability-cbess-wave-monitoring-over/-saltmarsh-and-mudflat-habitats
https://data.gov.uk/dataset/027a3790-bab6-484d-8040-250e924c3a4f/coastal-biodiversity-and-ecosystem-service-sustainability-cbess-wave-monitoring-over/-saltmarsh-and-mudflat-habitats
https://data.gov.uk/dataset/027a3790-bab6-484d-8040-250e924c3a4f/coastal-biodiversity-and-ecosystem-service-sustainability-cbess-wave-monitoring-over/-saltmarsh-and-mudflat-habitats
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This is consistent with the direction of maximum fetch for the Dengie Peninsula, which is
particularly exposed to easterly winds and has a maximum fetch of 290 km from the East
North East direction. While Hs is below 0.75 m for the majority of the time, it has been
recorded at up to 1.5 m (Fig. 3.14a). Wave period is mainly below 5 seconds, but can reach
up to 12 seconds (Fig. 3.14b).

The wave characteristics measured by the Dengie flats buoy are not dissimilar to field
measurements at Tillingham marsh. At the vegetated marsh edge, Möller and Spencer (2002)
recorded mean (maximum) significant wave heights of 0.26 (0.86) m between September
2000 and July 2001. Over the same time period on the intertidal flat, less than 100 m seaward
of the vegetated marsh, significant wave heights did not exceed 0.87 m. Wave transect data
from the CBESS project was also processed from the tidal flat nearest the marsh boundary
(sensor 3; PT3) and at the marsh edge (sensor 4; PT4) over 254 tides between 14/10/12 and
19/11/13. This denoted local wave conditions at the sampling sites. On the tidal flat, the
mean Hs was 0.10 m (minimum 0.00 m; maximum 0.67 m) (Table 3.6). Hs was lower at the
marsh edge (Fig. 3.15), with a mean of 0.06 m (minimum 0.00 m; maximum 0.55 m).

Fig. 3.12 Photograph of water line following storm surge of 8th Jan 2019. The water level
over the marsh reached 0.8-1.4 m above the high marsh surface (2.7 m ODN), depending
partly on the width of the fronting marsh. Water levels were higher to the North of the study
site, where the marsh was narrower and wave run-up was greater. Photograph taken 11th Jan
2019, by H Brooks.
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Fig. 3.13 Wave rose for the Dengie Flats Acoustic Wave and Current profiler (AWAC) buoy
(location: 51.710N, 1.037E) between October 2006 and November 2009. The buoy is shown
on Fig. 3.1 and is located where water depth is approximately 8 m. Data was downloaded
from Cefas WaveNet. Bar colour denotes significant wave height, while the height of the bar
denotes the percentage of time for which waves come from a given direction.
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Previous studies on the Dengie marshes have found that a 310 m profile of the shallow-
sloping marsh attenuated, on average, 92% of the wave height, with the most seaward 10 m of
permanent marsh vegetation being most effective at wave height attenuation, averaging 2.1%
and 1.1% per meter at a shallow-sloping and cliffed site, respectively (Möller and Spencer,
2002). This compared to a lower average wave height attenuation rate across the tidal flat
and whole marsh of 0.1% and 0.5% per metre respectively (Möller and Spencer, 2002).
This study identified a seasonal pattern to wave height attenuation, being highest between
September and November and lowest between March and July, and linked this to the seasonal
changes in vegetation growth (Möller and Spencer, 2002). During marsh surface flooding,
within-creek tidal velocities have been recorded at circa 0.4-0.8 m/sec (Reed, 1988).

Fig. 3.14 Significant wave height (a), wave period (b), wave direction (c) and wave directional
spread (d) as measured at Dengie AWAC WaveRider buoy (see Fig. 3.13 for information).
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Fig. 3.15 Histogram of Hs from sensor 3 (furthest landward tidal flat location) and sensor 4
(furthest seaward marsh edge location) on the CBESS wave transects at Tillingham (a and b)
and Warton (c). Hs is not displayed for Warton marsh (sensor 4) as the water depths were too
low for accurate Hs results. See Fig. 3.11 and Table 3.6 for data description.

3.1.5 Future dynamics

Current relative sea-level rise on the Dengie Peninsula is estimated at 2-3 mm/year (Burning-
ham and French, 2011). UK Climate Projections 2018 forecast relative sea-level near the
Dengie Peninsula to rise by 2100, with the magnitude of increase determined by the relative
concentration pathway (RCP; Fig. 3.16a, 3.16c and 3.16e; Met Office Hadley Centre, 2018).
For RCP 2.6, sea-level is expected to rise (relative to the period between 1981 and 2000)
by 0.44 m by 2100 (50th percentile), with a 10th and 90th percentile of 0.32 m and 0.62 m,
respectively. For RCP 4.5, sea-level is projected to rise by 0.54 m by 2100 (50th percentile),
with the 10th and 90th percentiles being 0.40 m and 0.74 m, respectively. The comparative
values for the RCP 8.5 scenario, were: 0.78 m (50th percentile), 0.58 m (10th percentile) and
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(a) Tillingham, RCP 2.6 (b) Warton, RCP 2.6

(c) Tillingham, RCP 4.5 (d) Warton, RCP 4.5

(e) Tillingham, RCP 8.5 (f) Warton, RCP 8.5

Fig. 3.16 UK Climate Projections (UKCP) 2018 for the mean sea-level anomaly for the grid
square local to Tillingham (a, c and e) and Warton (b, d and f). The sea-level anomaly was
calculated relative to a baseline from 1981-2000, and shows the 5th, 10th, 30th, 33rd, 50th,
67th, 70th, 90th and 95th percentiles. The data shown are for the RCP 2.6 scenario (a and b),
RCP 4.5 scenario (c and d) and RCP 8.5 scenario (e and f). Data and graphs copyright of:
Met Office Hadley Centre (2018). Note y-axis scale difference between sub-plots.
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1.03 m (90th percentile). As sea-level rises, local water depths will also increase, assuming
that surface accretion minus shallow subsidence on the tidal flat and marsh surface is unable
to keep pace with sea-level rise. In turn, this will increase inundation depth and frequency on
the marsh surface.

3.2 Warton

3.2.1 Location

Morecambe Bay is located on the eastern coast of the Irish Sea, between the Fylde Peninsula
in the South and the Lake District to the North. Warton marsh (also known as Warton Sands)
is located in the East of Morecambe Bay (Fig. 3.1b). The marsh is positioned in the southern
part of the Arnside and Silverdale Area of Outstanding Natural Beauty and just North of
where the River Keer flows into the Bay. Continuous salt marshes are found on the eastern
shore of Morecambe Bay and to the South of the Cartmel peninsula in the North of the
Bay, while discontinuous salt marshes flank the five estuaries (the Leven, Kent, Wyre, Lune
and Duddon) which connect to the Bay (Gray, 1972). The tidal flats constitute the largest
continuous intertidal area in the UK (Joint Nature Conservation Committee, 2008) and have
been mapped at low tide (Fig. 3.17) by Mason et al. (1999). At the field site (marked as
“Warton Sands” in Fig. 3.17), the tidal flats extend to approximately 3 km seaward of the
marsh. The rear of the marsh is demarcated by the Ulverston to Lancaster railway line
(Fig. 3.2b), which is positioned along the top of an earthen embankment constructed in
1857. The sampling locations for this study were located on a North East to South West axis
across the marsh (Fig. 3.2b) and the precise sampling sites are discussed in more detail in
Chapter 4. To the South East of the sampling site, the shoreline is dominated by spoil heaps
created in the late 1800s from waste material from the Carnforth ironworks. These spoil
heaps constitute an artificial, circa 800 m long, barrier to tidal flows and waves and are less
erodible than the surrounding sandy material (Fig. 3.2b). Warton marsh is privately owned.

The Bay is a Special Area of Conservation due to the variety of marine habitats, as well
as two Special Protection Areas under the EU Habitats Directive, for over-wintering birds
(Scott and Mason, 2007). The estuaries provide vital habitats for migratory birds, including
the Pink-footed Goose (Anser brachyrhynchus), Turnstone (Arenaria interpres interpres),
Red knot (Calidris canutus islandica) and Redshank (Tringa totanus totanus).
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Fig. 3.17 Map of Morecambe Bay at low water, based on Ordnance Survey 1:25000 maps.
Taken from Mason et al. (2010) where it was produced from Mason et al. (1999)
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3.2.2 Regional context and past dynamics

Being located on the eastern side of the Irish Sea, Morecambe Bay was glaciated during the
Last Glacial Maximum. The bathymetry is shallow (<20 m) for several kilometres offshore,
and much of the upper stratigraphy of the Irish Sea basin consists of glacimarine sediments
(mainly diamicts containing marine micro and macrofauna) and morainal complexes capped
by laminated and massive muds, which were deposited as the ice retreated rapidly (Eyles and
McCabe, 1989).

The landward edge of many of the Morecambe Bay marshes is marked by Carboniferous
limestone cliff outcrops, which are raised beach deposits from a period of postglacial sea-
level rise between the early Holocene (circa 11 ka BP) and circa 6 ka BP (Gray, 1972).
During this time, relative-sea level at Morecambe rose from around 30 m below present at
11 ka BP to a highstand of approximately 1 m above present at 6 ka BP (Shennan et al.,
2018). Rapid sea-level rise during this early Holocene period allowed sediment infilling in
the lower river valleys, thus favouring estuary formation (Zong and Tooley, 1996). From the
mid-Holocene onwards, a reduction in the rate of sea-level rise, a slight relative sea-level fall
until the last millennium (Shennan et al., 2018) and subsequent slow relative sea-level rise
(Zong, 1997) has allowed marine sediments to accumulate seaward of these estuaries, thus
forming salt marshes and intertidal flats (Zong and Tooley, 1996).

Between the 13th and 19th Century, Morecambe Bay underwent extensive marsh recla-
mation, with an area of about 1300 ha being reclaimed (Doody, 1992; West, 2011; Foster
et al., 2013), about 400 ha of which was for agricultural purposes (Gray, 1972). The largest
period of reclamation occurred in 1857 when construction of the Ulverston to Lancaster
railway (see Fig. 3.2) saw the reclamation of 400 ha alone (Gray, 1972). Despite this long
history of marsh reclamation, some areas have reverted to salt marsh, due to abandonment
and subsequent breaching of defences (Gray, 1972).

The area immediately surrounding the field site is dominated by mudstone, siltstone and
sandstone, with much of the Arnside and Silverdale AONB being composed of limestone with
subordinate sandstone and argillaceous rocks formed in the Carboniferous period (Fig. 3.18).
Further north, on the Cartmel Peninsula, the geology comprises mudstone, siltstone and
sandstone from the Silurian period (Fig. 3.18).



82
Study

sites

Fig. 3.18 Geology map of the area surrounding Warton marsh. Geology data uses British Geological Survey 1:625000 2010 Geopackage
data. Used under BGS OpenGeoscience Licence, Copyright: Contains British Geological Survey materials © NERC 2021. Obtained
from: https://digimap.edina.ac.uk/

https://digimap.edina.ac.uk/
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3.2.3 Present/historical dynamics

Between 1845 and the early 1970s, Morecambe Bay marshes have undergone alternating
phases of erosion and expansion within an overall trend of increasing marsh extent (Gray,
1972). For example, marsh expansion of 800 ha between 1888 and 1967 is recorded by
Gray (1972), who notes a concentration of change in marshes on the East shore and South
of the Cartmel peninsula. Similarly, Adam (2000) records an increase in Morecambe Bay
salt marsh area between 1968 and 1993. However, other studies have recorded marsh retreat,
with Silverdale marsh retreating from circa 1000 m wide in 1975 to circa 150 m wide in
1992 (Pringle, 1995). The dynamic behaviour of these marshes is thought to relate to channel
shifts within the Bay and Pringle (1995) demonstrated the role of channel shifts of the River
Kent in initiating phases of marsh erosion or accretion at Silverdale marsh (see Fig. 3.17 for
locations). This dynamic system, in which the channels migrate and in which the system
rapidly shifts from erosion to expansion, has resulted in the preservation of former marsh cliff
edges as terraces within the marsh (see section 3.2.4.1). Marsh cliff erosion in Morecambe
Bay is known to primarily occur in the Autumn, Winter and early Spring, beginning with the
equinoctial tides (Allen, 1989).

3.2.4 Contemporary environments

3.2.4.1 Morphological characteristics

Warton marsh varies in width from 440 m at the northwestern end, to approximately 1 km
wide at the southeastern end, at the entrance to a large creek. The marsh is approximately 3
km long from North West to South East (Fig. 3.2b). In general, Morecambe Bay marshes are
found above 3.5 m ODN, with continuous vegetation being found above 4 m ODN (Gray,
1972). The elevation of Warton marsh at the marsh edge is 5.58 m ODN. The marsh margin
is cliffed, with blocks of former salt marsh material forming a slope in front of the marsh
edge (Fig. 3.19a), and often up to 5 m of vegetation stripped from the marsh surface near
the cliff (Fig. 3.19b). In November 2013, the marsh edge at Warton was cliffed and circa

1 m high (Ben Evans, pers. comm), however by 2019 the marsh edge cliff was nearly 2 m
high in places (Fig. 3.19a/b). This cliffed margin is typical of Morecambe Bay salt marshes,
which are characterised by a stepped, cliffed marsh morphology (Fig. 3.19c), similar to that
found in the Severn estuary (Allen and Duffy, 1998). These abandoned marsh terraces are
particularly noticeable in the upper marshes, where many marshes have several terraces,
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Fig. 3.19 Photographs of the cliff at Warton (a/b), with (b) showing how vegetation has been
stripped back at the top of the cliff, and failed blocks remain at the base of the cliff. (c) shows
stepped/terraced marsh morphology at Cartmel Marsh in the North of Morecambe Bay and
(d) shows a characteristic creek with slumped blocks at Warton. Photographs taken in July
2018 (a) by B. Evans, Oct 2018 (b/d) and March 2017 (c) by H Brooks.

generally less than a metre high (Gray, 1972). The creek system is highly dendritic, with
larger creeks being up to 15 m wide, characterised by gently sloping banks and slumped
marsh blocks (Fig. 3.19d). Salt marsh pans are numerous, and there are pools towards the
rear of the marsh (Fig. 3.20a/b).

3.2.4.2 Composition

Warton marsh is sand/silt dominated, with the D50 of Warton marsh and tidal flat measured as
66.1 µm and 89.7 µm, respectively by Wood et al. (2015), (Table 3.3). Grain sizes at Warton
marsh were tightly distributed, identified by a very leptokurtic distribution (kurtosis = 1.7;
Fig. 3.6). Data from Ford et al. (2016b) indicated a mean organic matter content of 5.91% in
the uppermost 10 cm of sediment at Warton, which declined with depth, reaching 1.32% at
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Fig. 3.20 Photographs of vegetation found at Warton. Towards the rear of the marsh, there are
numerous pools, and the vegetation becomes denser and has a higher canopy height. Here,
Agrostis stolonifera and Festuca rubra dominate (a/b). (c) shows the area close to the marsh
edge, dominated by Puccinellia maritima. This Puccinellia maritima continues over a wide
distance, but has a low canopy height (d). Photographs taken in July 2018 (c) and October
2018 (a, b and d) by H Brooks.

20-30 cm depth (Table 3.4). In the Wyre estuary, in the South of the Bay, where marshes
are more sheltered from hydrodynamic forcing, the substrate is composed of finer sediments
(Allen, 1989). Low elevation sites are generally high in calcium, sandier and low in nutrients,
whereas higher elevation sites have a reduced calcium content, greater silt proportion and a
greater percentage of organic matter (Gray and Bunce, 1972).

Gray and Bunce (1972) defined four vegetation zones within the Morecambe Bay marshes,
ranging from low elevation, pioneer sites, to higher elevation, mature marsh sites (Table 3.7).
The marshes are dominated by grasses, including Agrostis stolonifera, Puccinellia maritima

and Festuca rubra (Gray and Scott, 1977), however over fifty-eight species are known to
have been recorded on these marshes (Gray and Bunce, 1972). At Warton, grasses such as
Festuca rubra and Agrostis stolonifera are common at higher elevations (Fig. 3.20a/b),
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Table 3.7 Main vegetation zones on Morecambe Bay salt marshes, as identified by Gray and Bunce (1972). ODN refers to Ordnance
Datum Newlyn, which approximates UK mean sea-level. Adapted from: Gray and Bunce (1972).

Marsh Type Elevation (m
ODN)

Approx no. tidal
submergences per
year

Vegetation Substrate properties

Pioneer marsh 3.5 - 4.6
200 - 520 (mean =
350)

Often bare sand or Spartina. In
Summer, Salicornia often colonises.

High calcium content, low proportion
of silt

Sometimes low density of
Puccinellia maritima.

Low-level salting 4.5 - 4.7
150 - 220 (mean =
200)

Puccinellia maritima-dominated,
with some colonising species (e.g.
Agrostis stolonifera and Armeria
maritima).

High salinity, fairly high silt

In well-drained locations, Festuca
rubra may be present.

High-level salting 4.9 - 5.8 10 - 100 (mean = 50)
Festuca rubra-dominated, with other
species such as Agrostis stolonifera,
Juncus gerardii, Plantago coronopus,
Juncus maritimus and Armeria
maritima.

Relatively high organic, high silt,
medium calcium and relatively high
sodium content.

Some areas of locally low
vegetation.

Local areas of high vegetation,
characterised by lower organic
matter, sodium and silt.

Mature marsh 5.3 - 6.6 0 - 40 (mean = 6)
Often high biodiversity, with some
glycophytes.

High organic content, with high silt
and low calcium.

Can contain high sodium
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where organic content is higher (e.g. Gray and Scott, 1977), however the marsh is dominated
by Puccinellia maritima, particularly at the marsh edge (Fig. 3.20c/d). Similar to other
marshes in the Bay (e.g. Bank End marsh; Jones, 1974), the vegetation is denser at higher
elevations (Festuca rubra-dominated locations; Fig. 3.20b) than lower elevations (Puccinellia

maritima-dominated sections; Fig. 3.20c), and is of particularly low density towards the
seaward limit where some patches of Salicornia spp. are present. The grasses create a dense
root mat, which extends for 0.1-0.2 m below the marsh surface, however tap roots protrude
deeper (Allen, 1989). Both living and dead Phragmites rhizomes can be found at Warton up
to a depth of approximately 15 cm (Gray and Bunce, 1972). As is the case for most of the
marshes of the Bay, Warton marsh is grazed by sheep, with about 4-5 sheep per hectare and
has an above-ground biomass of 0.09 ± 0.21 kg dry weight/m2 (Ford et al., 2016a).

3.2.4.3 Hydrodynamic setting

In Morecambe Bay the Mean Spring Tide Range is 8.4 m (Allen, 1989). At Heysham (see
Fig. 3.1), Mean Spring Tidal Range is 8.49 m (Table 3.5; Fig. 3.21a). At Heysham, the ebb
tide lasts approximately 40 minutes longer than the flood tide (Coomber and Hansom, 1994),
however currents in subtidal channels in the Bay are often greater on the flood than the ebb
(Mason et al., 2010). This tidal asymmetry (flood-dominance) has been considered the main
driver of morphological change and sediment movement within the Bay (Aldridge, 1997;
Mason et al., 1999), as strong flood-tide currents can redefine the subtidal channel system
(Pringle, 1987). As a result, Morecambe Bay is a tide-dominated system (Scott and Mason,
2007), with a known anticlockwise recirculation of sediments within the Bay (Mason et al.,
1999).

The marsh edge has an elevation of 5.58 m ODN, however mean spring tides do not
inundate the marsh surface (Fig. 3.9b). The tidal flat is inundated approximately 20% of the
time, while the marsh edge is inundated less than 1% of the time (Fig. 3.10). As such, Warton
marsh would not flood except on the largest of spring tides, when water levels approach the
Highest Astronomical Tide (5.86 m ODN at Heysham, 5.97 m ODN at Warton marsh), or
when atmospheric influence on, or shallow water modification of the tidal wave occurs. Wave
erosion of the marsh edge is therefore restricted to spring tides, and the marsh is inundated
relatively infrequently, and generally only during storm surges, which are known to be able
to raise or lower astronomical tides by up to 2.5 m or 1.5 m, respectively (Fig. 3.21b). A 2.5
m increase in tidal level coincident with a spring tide could result in water depths of 1.5 m
across the marsh (Fig. 3.9b). This difference in inundation frequency between the marsh
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Fig. 3.21 Tide gauge record from Heysham (location: 54.03167N 2.92042W) for 1964-2020.
Water level is shown in (a) and surge residual in (b). Data was downloaded from the BODC,
which linked to the NTSLF data portal.

surface and the lower edge of the marsh cliff thus affects hydrodynamic forcing frequency at
different marsh locations. Wave transect data from the CBESS project indicate mean water
depths of 0.45 m (minimum 0.13 m; maximum 1.12 m) on the tidal flat, when inundated
(Fig. 3.11; Table 3.6). Over 104 tides between 28/10/12 and 07/12/13 the marsh edge was
not inundated to depths of more than 0.17 m (PT4; Table 3.6).

The wave climate in Morecambe Bay (see Fig. 3.1) at 10 m water depth is dominated
by larger waves (Hs <4 m) compared to at Tillingham and is bimodal, with the majority
of waves arriving from the South West and some, smaller, waves arriving from the North
East (Fig. 3.22). In total around 75% of waves propagate from the South West, South South
West or West South West, while under 15% originate in the East, East North East, or North
East (Fig. 3.22). All northeasterly waves are small, with an Hs of <0.8 m, while almost all
waves for which Hs exceeds 1.6 m originate in the South West (Fig. 3.22). This is consistent
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with the morphology of the Bay, which opens towards the South West, coinciding both with
the prevailing wind direction in the British Isles, and also the maximum fetch for the Bay
(approximately 225 km from the South West; Pringle, 1995). Therefore many of the smaller
waves may be produced within Morecambe Bay itself, while larger waves from the South
West (the Irish Sea) can also reach this coastline, particularly during storms (Pringle, 1995).
While Hs is 2 m or below most of the time, it reached up to 4 m in early 2020, and is generally
higher in Winter than in Summer (Fig. 3.23a). Wave period is generally 7.5 seconds or less,
but can increase to over 20 seconds (Fig. 3.23b). Wave transect data from the CBESS project
denoted local wave conditions near the cliff base and on the platform near the cliff edge. On
the tidal flat, the mean Hs was 0.16 m (minimum 0.03 m; maximum 0.63 m) (Table 3.6;
Fig. 3.15).

Fig. 3.22 Wave rose for the Morecambe WaveRider buoy (location: 53.991N, 3.065W)
between 2011 and 2020. The buoy is shown on Fig. 3.1 and is located where water depth
is approximately 10 m. Bar colour denotes significant wave height, while the height of the
bar denotes the percentage of time for which waves came from a given direction. Data was
downloaded from Channel Coast Observatory.
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Fig. 3.23 Significant wave height (a), wave period (b), wave direction (c) and wave direc-
tional spread (d) as measured at Morecambe directional WaveRider buoy (see Fig. 3.22 for
information).

While tidal velocity in the creeks at Warton has not been measured, creek velocities at
nearby marshes, for example at Silverdale marsh, have been recorded to reach a maximum of
0.13 m/sec during overmarsh spring flood tides and 2.07 m/sec during ebb tides, when water
on the marsh can only return to the sea through the creeks (Pringle, 1995).

3.2.5 Future dynamics

Current relative sea-level in Morecambe Bay is thought to be relatively stable or falling
slightly (Shennan et al., 2018). UK Climate Projections 2018 forecast relative sea-level in
the northeastern sector of Morecambe Bay to rise by 2100, with the magnitude of increase
determined by the relative concentration pathway (RCP; Fig. 3.16b, 3.16d and 3.16f; Met
Office Hadley Centre, 2018). For RCP 2.6, sea-level is expected to rise (relative to the period
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1981-2000) by 0.32 m by 2100 (50th percentile), with a 10th and 90th percentile of 0.19 m
and 0.50 m, respectively. For RCP 4.5, sea-level is projected to rise by 0.41 m by 2100 (50th

percentile), with the 10th and 90th percentiles being 0.27 m and 0.61 m, respectively. The
comparative values for the RCP 8.5 scenario were: 0.63 m (50th percentile), 0.44 m (10th

percentile) and 0.88 m (90th percentile). Assuming that surface accretion minus shallow
subsidence on the tidal flat and marsh surface is unable to keep pace with sea-level rise,
higher sea-levels will increase local water depths, thus increasing inundation depth and
frequency on the marsh surface.





Chapter 4

Methodology

4.1 Introduction

In order to address the overarching aim of the thesis, it was necessary to characterise the
vertical and lateral variability in marsh substrate composition, both within and between
marsh sites. Vertical variability in substrate composition was determined from sediment
core samples, while bulk samples were taken from contrasting environments (tidal flat,
marsh edge, creek edge and inner marsh) at both Tillingham and Warton to assess intra-site
spatial variability, both at the surface and near-subsurface (<60 cm depth). The effect of
various aspects of substrate composition on substrate strength was highlighted in Chapter
2 in Table 2.1. In order to incorporate both minerogenic and organic substrate properties
which have been shown to link to substrate shear strength and erodibility, the following
parameters were measured: moisture content, organic content, carbonate content, particle
size distribution, root mass content and clay mineralogy. Many of these properties were also
known to contrast between Tillingham and Warton (see CBESS data in Chapter 3). This
was relevant for research question 1, as this ensured that the maximum possible influence of
substrate composition on substrate behaviour in the North West European setting could be
identified. Particle density was also measured as accurate measurements are required for the
calculation of geotechnical properties.

Geotechnical tests were used to understand the engineering properties of the substrate and
therefore the substrate response to applied stress (Research Question 1). Undisturbed samples
(where the substrate structure was only minimally affected during sampling) were extracted
for these tests and returned to the laboratory to allow high precision geotechnical tests to be
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undertaken in controlled laboratory conditions. Shear box and ring shear tests were used to
determine the peak and residual substrate shear strength, respectively and also to quantify
both the cohesional strength and the effective angle of shearing resistance (Table 4.1), which
can be linked to salt marsh substrate composition. Oedometer tests were used to determine
the magnitude of vertical deformation caused by a vertically-applied stress, and whether such
deformation is permanent or recoverable (Table 4.1). This vertical deformation is tightly
linked to the shear strength of a substrate through the influence of bulk density on substrate
shear strength. Vertical deformation must therefore be understood in order to determine how
substrate shear strength might change over time as substrate consolidation changes. Most
geotechnical methods have not been applied to salt marsh substrates and those that have (such
as oedometer tests) have not been used to understand marsh substrate response to applied
stress. Instead the results of previous studies have been applied to ‘decompact’ vertical marsh
sequences and to improve the accuracy of marsh-based sea-level reconstructions (Brain et al.,
2011; Brain et al., 2015; Brain et al., 2017).

The gold-standard geotechnical methods for quantifying substrate behaviour and shear
strength are time-consuming and require expensive purpose-built laboratory equipment (e.g.
shear box or ring shear apparatus). However, cohesive sediment can be susceptible to
considerable physical, biological and chemical modification during extraction, transportation
and storage, thus affecting shear strength measurements (Tolhurst et al., 2000b; Knappett
and Craig, 2012). In comparison to non-cohesive, sand-dominated sediments, finer intertidal
sediments are often cohesive, non-Newtonian and elasto-viscous, so alterations to sediment
structure are irreversible (Mitchell and Soga, 2005). As a result, many recent studies have
focussed on in situ methods (e.g. vane or jet-based tests) to determine the shear strength of
cohesive sediment (see review by Grabowski (2014) and references therein). To facilitate
comparability to previous studies, and to assess how the time-intensive geotechnical methods
compare to relatively rapid and simple methods, this study combines in situ (shear vane,
Cohesive Strength Meter (CSM)) and laboratory-based (shear box, ring shear) tests to assess
key components of the substrate shear strength. In doing so, this study provides insights into
the comparability between point-based in situ and bulk substrate geotechnical laboratory-
based methods in salt marsh environments.

This chapter outlines the field sampling methods (section 4.2), and the methods used to
measure in situ substrate strength (section 4.3). It then describes the standard laboratory-based
methods for analysing substrate composition (section 4.4), and also the precise geotechnical
methods applied to define substrate index properties and geotechnical behaviour (section 4.5).
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Table 4.1 Table to summarise what geotechnical methods measure and how this is relevant to marsh substrate stability/strength

Method Property Measured Link between measured property and marsh substrate stability/strength (see definitions in Introduction)

Shear box Peak shear strength of the substrate
for a given vertical stress (τ f)

A higher peak shear strength indicates that the substrate can resist a higher applied shear stress.

Effective cohesion (c′) This reflects the soil shear strength when exposed to neither vertical stress nor confining pressure (Head,
1981) and reflects the electrostatic forces between particles.

Effective angle of shearing
resistance (ϕ ′)

The component of soil shear strength provided by interparticle friction (Head, 1981). This increases as
interparticle contacts increase.

Ring Shear Residual shear strength for a given
vertical stress (τ f). This reflects the
strength retained after failure.

A lower residual shear strength means that, if previous failure has occurred, the substrate would be able
to withstand a lower stress than if it had not previously failed. Usually, the strength reduction occurs as
clay platelets reorientate to border the failure plane. As roots were removed for these tests (in line with
BS1377), this reduction in strength compared to the peak shear strength was hypothesised to also reflect
the loss of roots.

Residual effective angle of shearing
resistance (ϕr′)

As above, this usually reflects the component of soil shear strength provided by interparticle friction.
Again, as roots were removed for ring shear tests in this study (see above) any reduction in the residual
effective angle of shearing resistance may also reflect the loss of roots.

Oedometer Axial displacement in response to a
vertically-applied stress

Indicates the vertical displacement (and therefore change in surface elevation) in response to a
vertically-applied stress. If this is irrecoverable (see OCR below), this has implications for marsh
platform inundation frequency and sediment supply.

Change in void ratio (a proxy for
bulk density) in response to
vertically-applied stress

Increased bulk density is known to increase substrate shear strength (Watts et al., 2003)

Continued on next page...
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Table 4.1 Table to summarise what geotechnical methods measure and how this is relevant to marsh substrate stability/strength

Study Location Main finding

Pre-consolidation pressure (reflects
maximum previous vertical stress to
which the soil has been subjected)

In the case of salt marshes this most likely reflects the influence of desiccation on pore water pressures

Overconsolidation ratio (OCR) Tells us about the magnitude of vertical displacement, and the vertical recovery potential of the substrate,
following unloading.

Consistency
limits

Liquid limit, plastic limit Behaviour of the substrate at different moisture contents. Important to help understand how the substrate
may behave during inundation.

Shrinkage limit, linear shrinkage Shrink-swell properties of the substrate. This is known to be important for tension crack initiation (e.g.
Morris et al., 1992) and subsequent toppling failure.
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Finally, the approach to mapping marsh morphological change in both the lateral and vertical
directions is explained (section 4.6), and analytical methods are described in section 4.7.

4.2 Field sampling

The general sampling area within the Tillingham and Warton salt marshes was chosen to be
located close to, but not immediately within, that of other, prior, field campaigns, such as the
CBESS (https://synergy.st-andrews.ac.uk/cbess/) and FAST (http://www.fast-space-project.
eu/) projects. These previous research campaigns have gathered various observations, includ-
ing water level and wave measurements. Four specific sites within each marsh were selected
for sediment analysis, with an aim of capturing variations in substrate composition and
geotechnical behaviour (marsh vs tidal flat, Tillingham vs Warton and surface vs at depth).
The sites were located along a transect moving from the seaward to landward, starting with a
site on the tidal flat (hereafter ‘tidal flat site’), then a site located at the marsh edge (‘marsh
edge site’), at the edge of a large creek (‘creek edge site’) and on the inner marsh (‘inner
marsh site’) (Fig. 4.1). An additional site at Warton was chosen at the ‘back of the marsh’,
where a bulk sample was taken for use in a ring shear test (Fig. 4.1). The marsh edge site at
Tillingham was located approximately 20 m landward of the ridge-runnel morphology that
characterises the tidal flat to salt marsh transition zone, while the marsh edge site at Warton
was located approximately 50 m landward of the marsh cliff. Field sampling was undertaken
17th-19th July 2017 (pilot study) and 28th September-1st October 2017 at Tillingham and
6th-10th July 2018 at Warton. The pilot study shear box and ring shear results from the marsh
edge at 0-30 cm depth at Tillingham were used for the main analysis following failure of the
laboratory computer during the same ring shear test from the main study. During the pilot
study, the influence of water salinity during saturation of the oedometer test was also assessed.
For the Tillingham pilot study the conditions were relatively dry, however in September 2017
the antecedent rain conditions meant that the ground was considerably wetter. The conditions
during the Warton sampling campaign were particularly dry. See Appendix A for a summary
of rainfall data in the week preceding each sampling campaign.

https://synergy.st-andrews.ac.uk/cbess/
http://www.fast-space-project.eu/
http://www.fast-space-project.eu/
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Fig. 4.1 Sampling locations at Tillingham marsh (circle on inset map of UK) and Warton marsh (triangle on inset) sites. Map (a) shows
the four sites (tidal flat, marsh edge, inner and creek) at Warton. Map (b) shows the four sites at Tillingham, as well as the locations of
the three surface elevation tables. For both basemaps, the LiDAR data is 1 m resolution and was taken in 2019 at Warton and 2017 at
Tillingham (the closest dates to the time of sampling at each marsh). The LiDAR colour scheme was thresholded to HAT (5.97 m at
Warton, 3.08 m at Tillingham) and LAT (-3.39 m at Warton and -1.63 m at Tillingham) to highlight the marsh platform topography.
LiDAR data was downloaded from: https://environment.data.gov.uk/DefraDataDownload/?Mode=survey. The sea wall shapefiles use
OS VectorMapTM District SHAPE data (Contains OS data © Crown copyright and database right 2018).

https://environment.data.gov.uk/DefraDataDownload/?Mode=survey
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4.2.1 Sediment coring

Sediment cores were extracted from the field and subsequently classified following Troels-
Smith (1955) in the laboratory and then sampled for Loss on Ignition (LOI) and Particle Size
Analysis (PSA).

At Tillingham, plywood boards were placed on the tidal flat surface, to provide a more
stable ground surface from which to core. Cores were extracted using a 5.5 cm diameter
gouge auger to penetrate the initial 50 cm, with subsequent cores taken using a 5 cm diameter
Russian corer, as far as the substrate would allow. Cores were taken from two parallel
boreholes and were overlapped by between 10 cm and 25 cm, to ensure retrieval of an
uninterrupted sediment sequence. While the Russian corer was able to produce an enclosed,
undisturbed sample (Fig. 4.2), it is likely that, during extraction with the gouge corer, there
was some disturbance and contamination with sediment from the upper stratigraphic horizons,
owing to the open chamber (Frew, 2014).

The substrate at Warton was more difficult to core due to its non-Newtonian, shear
thickening properties. This resulted in an increase in shear viscosity following application
of shear stress on the substrate from the sediment corer. During pilot sampling campaigns,
it was difficult to penetrate the substrate to more than circa 10 cm depth using the Russian
corer, while it was possible to penetrate the substrate to approximately 35 cm depth using
the gouge corer. However, retrieval of the sediment using the gouge corer was difficult
due to suction. Sampling was also attempted using a narrow (2.5 cm) gouge corer, but
again this could not penetrate the sediment. As such, data from the NERC RESIST-UK

Fig. 4.2 Example of a trial Russian core sample from Tillingham (Photograph taken by H
Brooks on 17/02/17).
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project (Response of Ecologically-mediated Shallow Intertidal Shores and their Transitions
to extreme hydrodynamic forcing in UK settings) was used. Three replicate undisturbed cores
(WS3, WS6 and WS9) approximately 40 cm in length were excavated for the RESIST project
using the undisturbed sampling method outlined in section 4.2.3. These were extracted
approximately parallel to the marsh edge at the same time as bulk and undisturbed sampling
for this study, on 6th-10th July 2018 and were so close to the marsh edge site for this study
that their coordinates all plot within the marsh edge symbol in Fig. 4.1.

The Tillingham cores, especially those from the tidal flat, had a relatively high water
content. As such, if cores were shorter than the tubing, cores were packed in place using
Bubble WrapTM to prevent disturbance and to allow depths to be accurately defined in
the laboratory. Cores were then refrigerated at 5◦C upon return from the field to reduce
biodegradation.

4.2.2 Bulk sediment sampling

Sediment samples (excluding cores) fell into two main categories: bulk samples and undis-
turbed samples. Bulk samples were sampled in September 2017 at Tillingham and July 2018
at Warton and were later used for LOI (loss on ignition), PSA (particle size analysis), particle
density, consistency limits and root mass analysis in the laboratory. Bulk samples were taken
using a trowel at 0-10 cm, 10-20 cm and 20-30 cm depth at all four sites within each marsh,
with an additional three samples taken at 30-40 cm, 40-50 cm and 50-60 cm depth at the
marsh edge sites, to mirror the additional undisturbed samples taken at depth (see below).
The bulk samples weighed at least 500 g each, and were placed in double-bagged ziplocked
bags, with electrical tape over the fastening to minimise moisture loss.

4.2.3 Undisturbed sample block extraction

Undisturbed samples were used for shear box tests, shrinkage limit tests and 1-D oedometer
tests. The undisturbed sampling procedure followed the block sampling method described in
BS5930:2015 (BSI, 2015) and is depicted in Fig. 4.3. While it is recognised that no sample
can be fully undisturbed, this method is known to minimise disturbance as much as possible
compared to other methods (see Carr et al., 2020). For example, hammer coring is known
to cause compaction which then affects porosity and dry density (Smeaton et al., 2020). To
extract the undisturbed samples, the site was chosen and the area required for excavation
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Fig. 4.3 Undisturbed sampling method. Initially, a trench the width of a spade was dug
around the sampling area (A), then the vegetation was cut back (B) and the upper 2-5 cm of
sediment were removed (C) to leave a level plinth (D). The sampler was then placed on the
plinth and the excavation began (E) until 2 cm of sediment protruded above the sampler (F).
The metal box in (A) and (E) is 200 mm x 200 mm x 100 mm, while the ring in (F) is 75mm
diameter. Photographs taken by H Brooks.

was estimated and a small trench about the width of a spade was excavated around this area,
leaving a plinth (Fig. 4.3a). The vegetation on the plinth was removed (Fig. 4.3b), as was
the uppermost 2-5 cm of sediment (Fig. 4.3c). This removed any surface sediment which
may have been disturbed or consolidated and created a level plinth (Fig. 4.3d). The sampling
cutter was placed on the surface in the correct location (Fig. 4.3e) and then a pallet knife was
used to carefully excavate around the sample, switching to smaller knives or scalpels where
necessary. Sediment was incrementally scraped away from the base of the cutter, getting as
close to the base as possible, but taking care not to undercut the sample. When sufficient
sediment had been removed at the base, the cutter could then be gently pushed down by
approximately 2 mm, with little disturbance of the sediment in contact with the cutter. This
could be verified by the lack of cracks in the top of the sediment sample and no evidence
of sediment ‘bulging’ upwards towards the centre of the sample (or of downwarping at the
sample edges). For the larger shear box samples, pressure was applied equally across all
four sides, using a tray to distribute the pressure. This process of carefully excavating the
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sediment near the base, and then pushing the cutter down was repeated, until about 2 cm of
additional sediment was protruding from the top of the sample (Fig. 4.3f). A pallet knife was
then used to excavate below the box (allowing 5 cm of clearance), and the sample was placed
on a tray to maintain the vertical orientation. Samples were wrapped in cling film and in
Bubble WrapTM to reduce moisture loss and to minimise disturbance during transport to the
laboratory, respectively. To further reduce disturbance during transport, samples were packed
into boxes with Bubble WrapTM and were stored away from the wheels, where the maximum
vibration from the car movement would occur. Both undisturbed and bulk samples were
stored in a refrigerator at 5◦C, then sample colour and composition was described following
BS5930:2015 (BSI, 2015), see Table 4.2.

Undisturbed samples were extracted from Tillingham in September 2017 and Warton
in July 2018 and were sampled at 0-30 cm and 30-60 cm depth below ground level at each
marsh edge site, and then also at 0-30 cm depth at each tidal flat site (hereafter referred
to as ‘undisturbed sampling sites’). Based on the small grain size, the thin walls of the
samplers, the use of the block sampling method and the relatively intact state of the samples
upon reaching the laboratory, the samples were all deemed Class 1 undisturbed geotechnical
samples-see BS5930:2015 (BSI, 2015), with the exception of those used for the shrinkage
limit tests, which were Class 2. Class 1 and 2 samples have zero, or very little, soil structure
disturbance, thus the water content and void ratios in the sample represent those found in situ

(Eurocode, 2007).

Shear box samples:

Shear box samples were extracted in a purpose-built open-ended metal sampling box,
produced at the British Geological Survey, with dimensions of 200 mm x 200 mm x 100
mm (Fig. 4.4). The walls of the sampler were under 2 mm thick, and were tapered on the
underside to allow the box to easily cut through the substrate. The direction of the sea from
the sample was recorded, so that the sample could be sheared in the same direction when
mounted in the laboratory as it would be in the field. Two of these samples were taken at
each undisturbed sampling site and these were subsampled further in the laboratory (see
section 4.5.1) before testing in the machine. Ring shear samples were taken from the shear
box trimmings during subsampling. Additional ring shear tests were undertaken on spare
material from the bulk samples taken at 10-20 cm depth at the Warton creek edge, inner
marsh and a surface sample from the back of the marsh. This gave further insights into how
the substrate response to applied shear stress varied spatially at Warton, as other geotechnical
tests could not be undertaken on the clay-poor substrates (see section 4.5.4).
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Table 4.2 Table for identifying and describing soils, based on BS 5930:2015. Taken from: http://drnorbury.co.uk/wp-content/uploads/
2015/08/Soil-description-Table.pdf (Accessed: 09/08/2019)

http://drnorbury.co.uk/wp-content/uploads/2015/08/Soil-description-Table.pdf
http://drnorbury.co.uk/wp-content/uploads/2015/08/Soil-description-Table.pdf
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Fig. 4.4 Photographs taken by H Brooks of the undisturbed box sampling kit in use. (A)
shows sampling from the plinth at Tillingham in July 2017. (B-D) show the main field
campaign at Tillingham in September 2017: (B) shows sample extraction from the tidal flat,
with boards used to stand/kneel on, (C) demonstrates sample excavation at depth (30-60 cm),
and (D) shows a finished sample. (E) Shows the sample in situ at Warton in July 2018. The
metal box is 200 mm x 200 mm x 100 mm.

Shrinkage limit:

Shrinkage limit tests required a cylindrical sample. Samples were collected in standard
U100 cases, yielding a sample 100 mm in diameter and 200 mm in height (Fig. 4.5). The
sampler walls were 5 mm wide, but had a purpose-built metal cutting shoe to ensure smooth
penetration of the sediment. Given the thicker sampler walls, it is acknowledged that these
samples only met the requirements of Class 2 undisturbed samples (Gosling and Baldwin,
2010), however this was deemed acceptable for consistency limit classification, according
to Eurocode (2007). A tripod was used to maintain a vertical sampling orientation and, if
absolutely necessary, percussion was used by hitting a mallet gently onto the top of the tripod.
Percussive sampling was only required during the pilot study campaign in July 2017, but
samples extracted using percussion were noted.
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Fig. 4.5 Photographs taken by H Brooks of the undisturbed cylindrical sample extraction. (A)
shows sampling for the pilot field campaign at Tillingham in July 2017, when dry conditions
meant that the tripod (with some percussion) had to be used. (B) shows sampling on the
Tillingham tidal flat in September 2017, where the high water content made the process very
difficult and (C) shows the particularly dry conditions during the main sampling at Warton
undertaken in July 2018. The yellow tube is 100 mm in diameter and 200 mm in height.

Oedometer:

One-dimensional oedometer samples were extracted in their test ring in the field, except
on the tidal flat where the high water content meant that additional undisturbed material from
the shrinkage limit cylinders was subsampled in the laboratory. The test rings measured 75
mm in diameter and 20 mm in height, and had a tapered base to allow the ring to cut into the
substrate. Photographs of the ring samples for oedometer testing can be found in Figure 4.6.
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Fig. 4.6 Photographs taken by H Brooks of the undisturbed ring samples being taken in the
field. (A) shows sampling for the pilot study field campaign at Tillingham in July 2017,
when conditions were relatively dry, (B) denotes sampling for the main field campaign in
September 2017, when antecedent rain meant that the ground was considerably wetter, and
(C) shows the particularly dry conditions during the main sampling at Warton undertaken in
July 2018. The ring is 75 mm in diameter and 20 mm in height.

4.3 In situ substrate strength measurements

At each sampling location (tidal flat, marsh edge, creek edge and inner marsh), the vegetation
was cut to within a couple of centimetres of the surface using scissors. The upper 2 cm
of sediment was cleared by cutting into small cubes using a sharp knife. This provided a
smooth soil surface to which shear strength measurement devices could be applied. This
also removed any biofilms that were present, so that the shear strength of the sediment
itself could be measured. Two methods were used to quantify the in situ substrate strength:
Cohesive Strength Meter (CSM) measurements to record the sediment erosion threshold,
and vane measurements to record the in situ undrained shear strength (cu).These methods



4.3 In situ substrate strength measurements 107

measured both the drained, mechanical processes of surface erosion (CSM) and the undrained
conditions under which mass erosion can occur (vane tests-see Winterwerp et al., 2012).
CSM and shear vane analyses were undertaken on 15th-16th October and 29th November
2018 at Tillingham, and 18th-20th October 2018 at Warton.

4.3.1 Cohesive strength meter

The CSM was initially developed by Paterson (1989) and is used to quantify the erosion
threshold of the substrate, i.e. the shear stress which, when exceeded, results in suspension
of particles from the substrate surface (Teisson et al., 1993). By identifying the threshold
of incipient sediment suspension, the CSM quantifies the shear stress at which erosion
commences (the critical shear stress; τc). The CSM is suitable for clay-rich substrates
(Paterson, 1989) and has predominantly been applied to coastal environments (Table 4.3),
particularly on tidal flat substrates (e.g. Paterson et al., 2000; Tolhurst et al., 2006a) but
also, to a lesser extent, on salt marsh substrates (e.g. Paterson and Black, 2000). This has
also more recently been extended to fluvial environments (Grabowski et al., 2012; Darby
et al., 2013). The CSM is suitable for a wide range of applications and while the focus of
this research is on comparing CSM and vane-based measurements of substrate strength (see
section 1.2), it is important to recognise the versatility of the method and its wide-ranging
applications which are summarised in Table 4.3.

In comparison to other methods (e.g. field flumes or fall cone apparatus) the CSM is
compact, portable and produces reliable results, thus is ideally suited for use in the field
(Paterson, 1989; Vardy et al., 2007). The CSM has a small footprint and relatively short test
time, thus allowing rapid assessment of in situ erosion thresholds and small-scale variations
therein (e.g. Tolhurst et al., 1999; Vardy et al., 2007). As previous studies have shown
that biofilms can considerably increase the substrate stability (e.g. Tolhurst et al., 1999),
CSM measurements will, where possible, be taken in locations with no biofilm, to allow an
estimate of the upper limit of erodibility, as the aim of this thesis is to compare vane-based
and CSM measurements of substrate shear strength (RQ2; section 1.2).

The CSM used here was a Mark IV CSM, manufactured by Sediment Services Ltd., with
technical support offered by Partrac. The CSM consisted of a datalogger and water tank,
which was pressurised by a compressed air cylinder. The water tank was then connected to a
30 mm diameter capsule, containing an infrared sensor (Fig. 4.7). The capsule was carefully
embedded 1 cm into the sediment (Paterson, 1989), while trying to minimise disturbance
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Table 4.3 Table to summarise various CSM studies and their main findings

Study Location Main finding

Yallop et al. (1994) Island of Texel, Wadden
Sea; Portishead, Severn
Estuary

The stability of the non-cohesive sediments was increased by the presence of a microbial biofilm

Tolhurst et al. (1999)
Königshafen, Sylt-Rømø
Bight

Intertidal mudflat erosion characteristics vary on a cm scale due to the presence of patchy diatom
biofilms.
Areas with a diatom biofilm were more stable than those without

Paterson et al. (2000)
Skeffling mudflat,
Humber Estuary, UK

Emphasises temporal and spatial variation in mudflat stability and the role of biological influences
Erosion threshold increased towards the shore
Crests were generally more stable than troughs
Rain can reduce surface stability

Tolhurst et al. (2000b) Skeffling mudflats,
Humber Estuary, UK

Disturbance of cores during transportation can affect the erosion threshold measured in the laboratory, as
compared to that measured in situ

Tolhurst et al. (2000a) Skeffling mudflats,
Humber Estuary, UK

Compares four in situ devices for measuring the erosion shear stress, but results from these devices are
only comparable if the shear stress increments are of similar magnitude and duration

de Deckere et al. (2001) Skeffling mudflats,
Humber Estuary, UK

Following spraying of insecticide, a reduction in macrofauna caused decreased bioturbation, grazing
pressure and water content, which led to an increase in sediment stability by 300 %

Black et al. (2002) General review Cohesive sediment transport is governed not only by hydrodynamic forces (e.g. drag, lift) and by
electrochemical forces (e.g. van der Waals bonding, Coulombic repulsion), but also by biological forces

Continued on next page...
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Table 4.3 Table to summarise various CSM studies and their main findings

Study Location Main finding

Defew et al. (2002) Eden Estuary, Scotland;
the Biezelingsche Ham,
Zandkreek and
Molenplaat mudflats,
the Netherlands

These four sites showed very different controls on erosion threshold, thus highlighting the need for
site-specific model calibration. It is unlikely that a universal proxy parameter for sediment stability
would be obtained

Friend et al. (2003) Rio Formosa tidal
lagoon, Portugal

Erosion threshold decreased seaward, reflecting a change from biostabilisation by cyanobacteria in the
upper intertidal areas, to biostabilisation by diatoms on the bare substrata of the channel edges. The role
of these biostabilisers varied seasonally

Watts et al. (2003) Tollesbury, Essex, UK After six years of regular tidal coverage by the sea, the original agricultural soil surface appeared both
strong and highly resistant to erosion. Below the MHWN level, where sediment accretion was greatest,
both strength and resistance to erosion were lowest

Friend et al. (2005) Southampton Water,
UK

Differences in day and night time sediment stability were related to both diatom migration and wave
energy during preceding immersion periods

Tolhurst et al. (2006a) Westerschelde Estuary,
the Netherlands

Areas with a visible diatom biofilm showed a rapid increase in erosion threshold at the beginning of
ermersion, whilst areas without a visible diatom biofilm tended to show an increase at the end of
emersion

Tolhurst et al. (2006b) Westerschelde Estuary,
the Netherlands;
Thorngumbald, Humber
Estuary, UK

Rain can destabilise sediment, allowing it to be eroded during the subsequent flood tide

Chapman and Tolhurst
(2007)

Sydney Harbour There is considerable variability in relationships between benthos and sediment

Continued on next page...
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Table 4.3 Table to summarise various CSM studies and their main findings

Study Location Main finding

Vardy et al. (2007) n/a Presents a new calibration to convert the jet exit pressure to the stagnation pressure

Widdows et al. (2007) Fal Estuary, Tavy
Estuary, Tamar Estuary,
St John’s Lake

Direct comparison of erosion thresholds produced by different equipment seems incomparable. (n.B. this
is not overcome by Grabowski et al. (2010)’s calibration)

Montserrat et al. (2008) Laboratory work on
sediments from
Westerschelde Estuary,
the Netherlands

Erosion threshold increased with chl a, but then decreased once the presence of surface disruptors
increased

Tolhurst et al. (2008) Laboratory-based Documents biofilm growth in a laboratory and the associated changes in sediment properties. Bulk
density showed no consistent change, but erosion threshold was positively correlated with water content

Grabowski et al. (2010) Laboratory-based Proposes a calibration to convert the CSM vertical forces into horizontal shear stress

Chen et al. (2011) Exbury Marsh,
Beaulieu Estuary,
southern England

Flow-derived applied shear stresses are insufficient to erode the cohesive bank sediments, so
submergence/emergence cycles may be responsible for weakening bonds between clay particles and thus
reducing the erosion threshold

Grabowski et al. (2011) Review paper Reviews the physical, chemical and biological processes that influence cohesive sediment erodibility

Chen et al. (2012) Exbury Marsh,
Beaulieu Estuary,
southern England

Vertical variations in the erosion threshold of creek banks were mainly affected by roots and algae

Grabowski et al. (2012) Frome-Piddle
Catchment, UK

Erosion thresholds in chalk rivers. Finds an annual cycle. Effective particle size played an important role
in controlling erosion threshold

Continued on next page...
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Table 4.3 Table to summarise various CSM studies and their main findings

Study Location Main finding

Fagherazzi et al. (2017) Plum Island Sound,
Massachusetts, USA

Low erodibility of mudflat sediments is linked to subaerial dessication during low tide, and this
strengthening effect is not lost during the following submerged period

Molina et al. (2017) Bahía Blanca estuary,
Argentina

M. furnieri fish reduced the number of EPS-producing organisms, which resulted in a change in
roughness of the bottom sediment as depressions were formed

Van de Lageweg et al.
(2018)

Laboratory-based Natural biofilm colonisation and development has a biostabilisation effect of almost 4 times that of
uncolonised sand

Valentine and Mariotti
(2020)

Laboratory-based

Young biofilms (1–2 weeks growth) reduced muddy sediment erodibility under low/moderate stresses
(0.05–0.3 Pa). Mature biofilms (3–5 weeks growth) stabilised sediments for moderate/high stresses (0.45
Pa or higher)
Nutrients influenced biofilm texture but mature biofilms still increased the stability of muddy sediments
High nutrient concentrations allow biofilms to withstand high shear stresses during early growth stages,
when they are more susceptible to erosion
Under most natural flow conditions, young biofilms, such as those on mudflats and drowned marshes,
can reduce erosion independent of nutrient concentrations
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Fig. 4.7 Annotated photograph of CSM

(Black and Paterson, 1997). This ensured that the jet fired from 2 cm above the surface, to
conform to the calibration of jet pressure to equivalent horizontal fluid stress (see equation 4.1
below). Substrate disturbance was further reduced by slowly filling the capsule through
a syringe (following Paterson, 1989) with saline water (33 ppt) made up in the laboratory
using Instant OceanTM, a specially formulated sea salt solution. In accordance with the CSM
operating manual (Sediment Services, 2004), the light transmission through the chamber was
checked and, assuming the light transmission reading on the device exceeded 70% (implying
minimal surface disturbance during the filling of the chamber), the test was run.

During the test a water jet at a specified pressure was ejected normal to the surface onto
the substrate. Assuming that the chamber is held perfectly upright, this jet hits the surface,
with a stress applied in the centre of the chamber footprint (Fig. 4.8). Once the jet hits
the surface, the water can then move from the high pressure in the centre out to the lower
pressure at the sides of the chamber, producing a tangential force (Fig. 4.8). As such, the
centre of the chamber experiences a higher applied stress, and this stress is exerted normal to
the surface. This force will then dissipate with distance from the centre and will also become
more tangential (Fig. 4.8). As such, it is possible that interparticle interactions occur on the
surface (and just below the surface) as particles are entrained from the centre outwards.

This jet pressure increased incrementally though the test, and the time between jet firings
varied, according to a pre-defined program. The pre-defined program was selected after a
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Fig. 4.8 Schematic to show how the CSM works. The jet is fired from the top of the chamber
onto the sediment below. This jet then hits the surface, with a high force in the centre of the
chamber. The water then moves from the high pressure in the centre out to the lower pressure
at the sides of the chamber, producing a tangential force. The force exerted on the sediment
is therefore higher, and primarily normal to the surface, in the centre, but this force decreases
with distance from the centre and becomes more tangential.

pilot study assessing different jet programs at both Tillingham and Warton. This allowed
the program to be kept constant between Tillingham and Warton, which is important as the
erosion threshold of a substrate can differ between jet programs (Grabowski et al., 2010).
The program chosen was ‘Fine 1’ which fired a jet starting at 0.10 Psi, incrementing by 0.10
Psi up to 2.40 Psi, then from 2.70 Psi incrementing by 0.30 Psi up to 6.00 Psi, then from
8.00 Psi incrementing by 2.00 Psi up to 60.00 Psi. The jet fired for 1 second each time, then
data was logged for the following three seconds, with a measurement being taken every 0.1
second, and the test took about five minutes. This allowed detailed measurement of the light
transmission at small pressures such that any erosion occurring during those lower energy
conditions was not missed, but also encompassed higher pressures in case there were areas
or layers of lower erodibility. The light transmission for a given jet pulse was calculated
as the average of the eleven values of light transmission between (and including) 0.2 and
1.2 seconds following the firing of the jet, as this is known to be when the peak drop in
transmission occurs for most substrates (Black and Tolhurst, 2002).
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When the erosive force of the jet exceeded the substrate strength, this caused sediment
resuspension, which was recorded based on the infrared light transmission within the flooded
chamber. Transmission data was recorded based on the average light transmission for the
second following firing of the jet (see above). When light transmission fell by a critical
amount (the ‘erosion threshold’) during the test, the corresponding pressure was identified
as the erosion threshold. While most studies have defined the erosion threshold as a 10%
drop in light transmission from the initial value (e.g. Tolhurst et al., 2000a; Watts et al.,
2003; Widdows et al., 2007; Grabowski et al., 2012), it has been suggested that a 50% drop
in light transmission for samples taken in the field may be more accurate, to ensure that
considerable erosion has taken place, and that the test has not just recorded the resuspension
of surface flocculation (Dr Andrew Blight, pers comm. 2018). As such, the drops in light
transmission to both 90% and 50% of the initial value were used to represent the erosion
threshold (Fig. 4.9), but only the former were compared to existing values, for consistency.

CSM measurements were taken from the surface and then at 10 cm depth intervals,
until the water table was reached, with three replicate tests being performed at each depth.
The autoscaled data (which ensured no negative values were present and scaled the initial

Fig. 4.9 Example output graph from the CSM, showing how the mean transmission falls as
the jet pressure increases. The red dots denote the 90% and 50% thresholds.



4.3 In situ substrate strength measurements 115

transmission reading to 100%) was then used for analysis. As noted by Tolhurst et al. (1999),
the erosion profile generally has three parts: (1) the initial horizontal line where transmission
values are close to 100%, (2) a sloped section depicting the reduction in light transmission
as the substrate erodes, and (3) an asymptotic section as transmission converges towards
zero as the applied pressure intensifies. Both (2) and (3) are evident in Fig. 4.9. In this
study, the applied jet pressure (in Psi) was initially converted to kPa by multiplying by 6.895,
following the data analysis example provided with the device. The average transmission
between (and including) 0.2 and 1.2 seconds after firing the jet was calculated and used
as the transmission value for each pressure step (see above). Python code was developed
(Appendix B) to graph the transmission for each applied pressure and to extract the pressure
at which the light transmission fell below the 90% and 50% thresholds. This was achieved
by first interpolating the pressure vs transmission plots using 100,000 points (i.e. a point
every 0.0006 kPa, over a total range of 60 kPa), then finding the intersection coordinates of
the transmission line and a horizontal line denoting 90% or 50% of the start transmission
(Fig. 4.9). The equivalent horizontal shear stress for suspension (τosusp; N/m2) was then
calculated, based on the instrument-specific conversion. These conversions were based on
the relationship between CSM jet pressure and equivalent horizontal shear stress, assuming
one second pulse durations and a jet being fired from 2 cm above the sediment surface, as
defined in equation 4.1 by Tolhurst et al. (1999):

τosusp = 66.6734×
(

1− e(
−J

310.09433)
)
−195.27552×

(
1− e(

−J
1622.56738)

)
(4.1)

where: τosusp = Equivalent horizontal shear stress (N/m2), J = jet pressure (kPa).

The gradient of each erosion profile was then used to calculate the suspension index
(Si), which indicates the relative rate of erosion (how quickly the sediment failed). This
was used to understand the erodibility of the upper few millimetres of sediment, in contrast
to the erosion threshold, which only quantified erodibility of the surface layer. A low Si

value indicates a slow rate of erosion/failure, whereas a higher Si value represents a faster
erosion/failure rate. The Si value was calculated following Black and Tolhurst (2002), using
the slope of a best fit line through the five, four or three data points immediately following the
erosion threshold, as this indicates the initial failure rate immediately after the entrainment
of surface particles. The R2 of the best fit line had to reach a critical value in order to be
considered a reliable result, and the calculation was run twice, once for a critical value of
0.7 and once for a critical value of 0.8. Initially, the five data points following the erosion
threshold were used to define the best fit line. However, if the R2 value of the line did not
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reach the critical value, calculation was restarted using the four points following the erosion
threshold. If the R2 value again did not reach the critical value, the calculation was repeated
using only the three points following the erosion threshold. If, when using only three points,
the critical value was again not attained, the Si was given as “NaN”.

4.3.2 Shear vane and torvane

Vane tests record the in situ undrained shear strength of fully saturated, cohesive sediment
(Knappett and Craig, 2012). This quantifies the internal substrate shear strength, thus
determining the resistance of the sediment to fracture and deformation (Grabowski, 2014).
Successful studies have applied the shear vane test to glacial tills (Jakobsen and Klint, 1999;
Khan and Kostaschuk, 2011), river deposits (Micheli and Kirchner, 2002; Grabowski, 2010),
fine marine/lacustrine sediments (Moore, 1962; Hauton and Paterson, 2003; Ólafsson and
Paterson, 2004) and salt marshes (Escapa et al., 2007; Wilson and Allison, 2008; Turner et al.,
2009; Howes et al., 2010; Turner, 2011; Chen et al., 2012; Wilson et al., 2012). Shear vanes
are suitable for very soft to firm intact, saturated, cohesive substrates (BSI, 1990f) and are
portable, compact, reliable and inexpensive. The test is also simple and quick (Geotechdata,
2015), thus providing a practical, cost-effective method for most field campaigns (Grabowski,
2014).

For the undrained shear strength measurements in this study, a Geonor H-60 handheld
vane tester and Eijkelkamp pocket vane tester were used, hereafter referred to as a shear
vane and torvane, respectively (Fig. 4.10). The Geonor H-60 shear vane is recommended
for soft to stiff clays (Geonor, 2016) and an initial site visit confirmed that measurements
could successfully be made using both the shear vane and the Eijkelkamp pocket vane tester
at both sites. While the torvane only interacts with approximately the uppermost centimetre
of sediment, the shear vane acts over a larger depth (Fig. 4.11) with the height of the largest
paddles being 51 mm. Methods conformed to BS1377-9 (BSI, 1990f). A measurement was
taken by pushing the apparatus vertically into the sediment, up to the point where the rod
began to taper outwards (10 cm from the base of the blades), then rotating the device slowly
until the material failed. The torque at the point of failure was recorded by a dial on the
apparatus, which could then be corrected to account for the blade area and finally converted
into kPa. This was achieved following the steps in Fig. 4.12 and Table 4.4.

Vane tests normally require a trial run using a dummy rod without the vane to correct
for the skin friction on the shaft. However, the Geonor H-60 at the BGS did not have a
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Fig. 4.10 Photograph of the torvane (A) and the shear vane (B) apparatus. Photographs taken
by H Brooks.

Fig. 4.11 Schematic (not to scale) to highlight how the torvane (right) interacts with the
uppermost 0.5-1 cm of sediment, while the shear vane (left) interacts with a greater volume.
The solid black arrows show the area over which the force is applied for each piece of
apparatus
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Fig. 4.12 Flowchart to show the steps of converting a shear vane or torvane reading into kPa.
All torvane measurements for this study used the largest head, so the correction for the head
size involved multiplying by 0.2.

dummy rod. While studies on soft organic harbour mud in northern Germany have found
that ignoring the skin friction can cause an overestimation of the undrained shear strength
by a factor of five for certain vane geometries at penetration depths of 3.5 m, this is likely
reduced to less than 5% for samples taken within a few centimetres of the surface (Schlue
et al., 2007). As such, shaft friction was reduced by taking samples close to the surface and
thus not using any of the extension rods.

The vane tests followed the same sampling strategy as the CSM, with 10 replicate
measurements of each vane at each 10 cm depth interval. As the shear vane penetrated 10 cm
below the surface (to the base of the blades), the “surface” shear vane measurements were
recorded as the 10 cm depth measurement, whereas the surface torvane measurements (which
did not penetrate below the surface) were recorded as the 0 cm measurement. The shear
vane measurements for which the base of the blades reached to 10 cm depth were therefore
compared to the torvane measurements taken after the upper 10 cm of sediment had been
removed. As such, there was no shear vane measurement for 0 cm depth. To compare shear
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Table 4.4 Table of shear vane head characteristics, corrections to convert the reading to kPa
and a summary of the strengths measured by each head. Values were obtained from Geonor
(2016).

Vane size Vane length
(mm)

Vane width
(mm)

Correction Strengths
measured (kPa)

Large 50.8 25.4 9.807 x 0.5 0 - 49

Medium 40 20 9.807 0 - 98

Small 32 16 9.807 x 2 0 - 196

vane and torvane results, the mean shear vane-derived strength was compared to the mean
torvane-derived strength (ten replicate measurements each) at each sampling depth/location.

A summary of the location, number and type of extracted samples (discussed in sec-
tion 4.2), as well as in situ test locations (discussed in this section) is provided in Table 4.5.

4.4 Characterising the substrate composition

4.4.1 Water content, organic content and carbonate content

Sediment cores were sub-sampled at 5 cm intervals and with a volume of at least 1 cm3 for
moisture content, Loss on Ignition (LOI) analysis and carbonate content in the Department
of Geography Laboratories, University of Cambridge. These analyses were also undertaken
on bulk samples (pre-sieving and after sieving at 425 µm for the consistency limit analysis),
and on a sample taken from the trimmings of every geotechnical test (shear box, oedometer
and ring shear). These measurements complemented all tests that were undertaken and those
taken from the trimmings of the geotechnical tests are hereafter noted as ’index’ samples.
Methods followed a three-part process to calculate water content, organic content and also
carbonate content on each sample.

4.4.1.1 Water content

Moisture content (w; %) reflects the amount of pore water held within a sample. Water
content can also be used to calculate other important substrate properties, such as dry density,
void ratio and porosity. Methods followed BS1377-2 (BSI, 1990b) and moisture content was
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Table 4.5 Location, type and number of samples. Blue text denotes samples taken only at Tillingham, while red text denotes samples
taken only at Warton. Samples/tests relating to a specific depth are marked by a superscript 1 (n1) and are recorded as the upper limit
of the depth bracket (e.g. the 10 cm depth sample is recorded in the 10-20 cm bracket). Core samples are marked by a superscript 2
(n2) and were taken at 5 cm intervals throughout the core. A subscript 3 (n3) denotes that the corresponding tidal flat vane and CSM
measurements at Tillingham were taken at both ridge and runnel positions. A superscript "RS" denotes use for ring shear tests only.

Sampling
location

Sediment
cores

Torvane
(x10
replicates)1

Shear vane
(x10
replicates)1

CSM (x10
replicates)1

Moisture
content

LOI PSA Root
mass

Particle
density

Clay
mineralogy

Shear
box/ ring
shear

Oedometer Consistency
limits

Tidal flat x x2 x2 x2

0 - 10 cm x3 x3 x x x BULK BULK BULK BULK
10 - 20 cm x3 x3 x x x BULK BULK BULK
20 -30 cm x3 x x x BULK BULK BULK
0 - 30 cm x 2 x 2

Marsh edge x x2 x2 x2

0 - 10 cm x x x x x BULK BULK BULK BULK
10 - 20 cm x x x x x x BULK BULK BULK
20 - 30 cm x x x x x x BULK BULK BULK
30 - 40 cm x x x x x x BULK BULK BULK
40 - 50 cm x x x x x x BULK BULK BULK
50 - 60 cm x x x x x x BULK BULK BULK
60 - 70 cm x
0 - 30 cm x 2 x 2
30 - 60 cm x 2 x 2

Creek edge x x2 x2 x2

0 - 10 cm x x x x x BULK BULK BULK BULK
10 - 20 cm x x x x x x BULK BULK BULK
20 - 30 cm x x x x x x BULK BULK BULK
30 - 40 cm x x x
40 - 50 cm x
0 - 30 cm BULKRS

Inner
marsh

x x2 x2 x2

0 - 10 cm x x x x x BULK BULK BULK BULK
10 - 20 cm x x x x x x BULK BULK BULK
20 - 30 cm x x x x x x BULK BULK BULK
30 - 40 cm x x x
40 - 50 cm x
0 - 30 cm BULKRS
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expressed as the proportion by mass of dry solid particles. Analysis was undertaken as soon
as possible after returning from the field, and always within three months, to minimise the
impact of any drying over time. Samples of minimum 1 cm3 of sediment were weighed and
then dried overnight at 105 ◦ C in an oven or muffle furnace, with the percentage mass loss
as a proportion of the dry mass denoting the water content of the sample. This was calculated
using equation 4.2:

w =

(
(mw −md)

(md −Mc)

)
×100 (4.2)

where: w = moisture content (%), mw = the wet mass (g) of the sample (before heating)
and md = the dry mass of the sample (g) after heating at 105◦C, Mc = mass of container (g)

4.4.1.2 Organic content

The proportion of mass lost from a soil upon heating between 440 and 550◦C (the ‘loss on
ignition’; LOI) is known to approximate the organic matter content (Ball, 1964; Davies, 1973;
Dean, 1974; Heiri et al., 2001). While root mass content reflects only the roots extracted
from the sample, the LOI reflects the total mass loss upon heating and therefore incorporates
dissolved and particulate organic matter, as well as intact- or partially-decomposed roots.
However, because the sample is heated to high temperatures, this can also remove structural,
interstitial water from clays and metal oxides, as well as volatile salts and carbon dioxide
from carbonates, meaning that the LOI-derived organic matter contents are only approximate
(Sutherland, 1998; Heiri et al., 2001; Grabowski, 2010; Plater et al., 2015). To reduce the
impact of these mass losses, 440◦C was chosen as the ignition temperature, which was high
enough to combust organic matter, but reduced the influence of, for example, the loss of
structural water from clays, which is thought to occur only at temperatures above 450◦C
(Ball, 1964).

Such water loss from clay minerals was also likely to be insignificant, given the relatively
low clay content (generally <20%) of the samples. LOI methods followed BS1377-3 (BSI,
1990c), heating the now dry sample in a muffle furnace at 440◦C overnight, then calculating
the LOI using:

LOI =
(

md −m440

md

)
×100 (4.3)
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where: LOI = mass loss on ignition (%), md = the dry mass of the sample (g) after heating
at 105◦C, m440 = the dry mass of the sample (g) after heating at 440◦C.

The Warton cores from the RESIST project were heated to 480◦C with the mass loss
after heating at 480◦C compared to the dry mass being comparable to the organic content.
This difference in ignition temperature unlikely made much difference, as the distribution of
the values of organic content were similar (Appendix C).

4.4.1.3 Carbonate content

The samples processed for LOI (see above) were then tested for carbonate content following
(Cambridge Geography, 2020a). Firstly, samples were returned to the muffle furnace at
950◦C to release any Carbon dioxide (CO2) from the sample. By accounting for the molecular
weights, the mass of CO2 lost must be multiplied by 2.274 to account for any Calcium oxide
(CaO) remaining in the sample. This can be used to calculate the Calcium Carbonate (CaCO3)
content, using equation 4.4:

CaCO3 = (m440 −m950)×2.274×100 (4.4)

where: m440 = the dry mass of the sample (g) after heating at 440◦C, m950 = the dry mass
of the sample (g) after heating at 950◦C

4.4.2 Particle size analysis

Particle size analysis was undertaken on the same samples as LOI, and followed (Cambridge
Geography, 2020b). Samples for particle size analysis were a minimum of 1 cm3 in volume
and were pre-treated with 30% w/v hydrogen peroxide overnight to remove organic matter,
and then heated to 90◦C in a water bath for at least two hours to ensure complete removal of
organics. Samples were centrifuged and supernatant water was decanted, before adding 4.4%
concentration sodium hexametaphosphate as a deflocculating agent. Samples were analysed
using a Malvern Mastersizer 2000, ensuring that the obscuration during sample measurement
was between 5 and 20%. To ensure a representative sample was obtained, the test tube was
mixed using a WhirlimixerTM, then the sample was pipetted from the centre of the test tube
cross section, drawing the pipette upwards from near the bottom to the top. The machine
took three replicate readings and the fit between these readings was checked visually. Particle



4.4 Characterising the substrate composition 123

sizes were presented following Wentworth (1922), where sand refers to particle sizes >63
µm, clay to sizes <3.9 µm, and silt for sizes intermediate between the two. Python code
(Appendix D) was used to extract the D10, D30, D50 (median) and D60 grain sizes and then
these grain size percentiles were also used to quantify the slope and shape of the particle size
analysis curve, based on the uniformity coefficient (Uc; defines the range of particle sizes)
and the coefficient of curvature (Cz; describes the soil grading). For comparison between
Tillingham and Warton, the D50, Uc and Cz values from the bulk samples rather than the
cores were used. This was because the sampling strategy at both marshes was consistent,
with an equal number of samples in total, and also from each of the tidal flat, marsh edge,
creek edge and inner marsh sites. This therefore helped prevent bias towards particular sites.
The Uc and Cz are known to relate to compressibility and shear strength and were defined
following Knappett and Craig (2012), using equations 4.5 and 4.6:

Uc =
D60

D10
(4.5)

Cz =
D2

30

D60D10
(4.6)

where: D60 = 60th percentile grain size (µm), D10 = 10th percentile grain size (µm), D30

= 30th percentile grain size (µm).

4.4.3 Root mass analysis

Root mass analysis was undertaken on all bulk samples to understand how the root mass
content varied across each marsh (tidal flat vs marsh edge vs creek vs inner), with depth, and
also between marshes, where the vegetation canopy differed. The method followed discus-
sions with James Tempest (pers. comm, 2017), who had undertaken similar, unpublished,
work. Samples weighing 500 g were wet sieved through a 425 µm sieve to separate out the
roots. A 425 µm sieve size was chosen to conform to consistency limit sample preparation
(see section 4.5.4) which showed that this sieve size could separate roots and sediment. The
residue (root mass) was then left in an oven at 40◦C overnight and the sediment at 105◦C
until the masses remained constant between successive measurements. Root mass content
was given as the percentage of the dry mass (total dry sediment and roots), and was calculated
using equation 4.7:
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mroots =
mresidue

mtotaldry
×100 (4.7)

where: mroots = the root mass content as percentage of the dry mass (%), mresidue = mass
of the sieve residue (i.e. roots) after drying at 40◦C (g), mtotaldry = the sum total of the dry
root mass and dry sediment mass (the latter after drying at 105◦C) (g). Some studies have
heated the roots at 60◦C (e.g. Howes and Teal, 1994; Lin et al., 2016), while others have air
dried the material (see Ouyang et al., 2017), this study aimed to find a balance between the
speed of drying, while minimising any risk of loss of volatile root components, which can
occur at higher temperatures (Hackney and De La Cruz, 1980).

4.4.4 Particle density

Particle density (ρs; g/cm3 or Mg/m3), also known as specific gravity, is the density of the
solid soil particles and was quantified using the small pycnometer method, as recommended
for samples predominantly containing particles finer than 2 mm and detailed in BS 1377-2
(BSI, 1990b and Head, 1980). This analysis was undertaken at the British Geological Survey
(BGS) Keyworth. Particle density was calculated from 15 samples per marsh, corresponding
to the bulk samples taken at 10 cm depth intervals at each of the four sites (six from the
marsh edge and three from each of the tidal flat, creek edge and inner marsh).

Initially, a 100 g sample was heated in the furnace at 105◦C for 24 hours, then weighed
to calculate the moisture content (see section 4.4.1.1). The dried sample was broken down
using a pestle and mortar, sieved at 2 mm, then placed back in the 105◦C oven for at least
one hour. The sample was then cooled in a desiccator while each pycnometer was measured
accurate to three decimal places (m1). Using a riffle box, two representative subsamples
weighing 7-10 g were obtained from each sample. These were carefully poured into two
pycnometers, and then the mass of the pycnometer plus dry sample was measured (m2). The
sample was then covered with deaerated water and the pycnometers (without their respective
stoppers) were then placed in an evacuation chamber and brought under a vacuum of <8
millibars slowly to reduce the risk of sediment expulsion from the bottles. After one hour
under vacuum, a Chattaway spatula was used to stir the mixture, and then the samples were
left under vacuum for another 30 minutes, or until no more air loss from within the sample
and water could be seen. Then the pycnometers were filled with deaerated water, the stoppers
were replaced and the bottles were placed in a constant temperature bath at 25◦C for at least
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an hour. The mass of the pycnometer, sediment and deaerated water (m3) was then calculated.
Finally, the bottles were cleaned, filled with 25◦C deaerated water and left in the water bath
at 25◦C for an hour. Each bottle, filled with deaerated water at 25◦C, was then weighed for
m4. Pycnometers were then cleaned with acetone for future use. The four relevant masses
were measured accurate to 3 decimal places and were therefore as follows:

m1 = mass of bottle and stopper (g)

m2 = mass of bottle and stopper and dry sample (g)

m3 = mass of bottle and stopper and dry sample and deaerated water at 25◦C (g)

m4 = mass of bottle and stopper and deaerated water at 25◦C (g)

The particle density (Mg/m3) was then calculated, using equation 4.8:

ρs =
(m2 −m1)

(m4 −m1)− (m3 −m2)
(4.8)

If the difference between the particle density for the two replicates of each sample
exceeded 0.03 Mg/m3, the test was repeated on two new replicates until the values were
within 0.03 Mg/m3. The particle density of each sample was expressed as the mean of the
two replicates, and was reported to the nearest 0.01 Mg/m3.

4.4.5 Clay mineralogy

Clay mineralogy preparation and analysis was undertaken by Dr Chris Jeans in the Earth
Sciences Department, University of Cambridge, using X-Ray Diffraction (XRD) analysis.
This method is used to quantify the type of clay minerals present within a sample and was used
here to allow (a) comparison of clay mineralogy between sites (Objective 1a; section 1.2) and
(b) the clay mineral composition to be related to the index tests (Atterberg limits) and substrate
geotechnical behaviour, as defined by undrained shear strength; drained, consolidated shear
strength, residual shear strength and compressibility (Objective 1b; section 1.2).

Approximately 10-20 g sediment was extracted from the bulk field samples. The samples
used for clay mineralogy analysis were the bulk samples at 0-10 cm depth at each of the four
main sites (tidal flat, marsh edge, creek edge and inner marsh) at each marsh. This allowed
comparison between the two marshes, and also some insight into any internal variability in
clay mineralogy within each field location. Given that the clay mineralogy will likely reflect
the source material, and that the method used was a semi-quantitative method so was likely
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only accurate to the nearest one or two percent, it was deemed unlikely that clay mineralogy
would vary much with depth, so variations in clay mineralogy with depth were not tested.

The methodological approach followed that described by Moore and Reynolds (1997),
with some modifications to the method, as developed by Dr Jeans. Initially, the samples
were placed in dry glass bottles and treated with 100 ml one molar acetic acid for one week
to remove the calcium carbonate. After the first night, each bottle was shaken manually
and placed into an ultrasonic water bath for a minimum of 60 seconds (Fig. 4.13a). For
the remainder of the week, samples were shaken approximately every 2 hours, but then left
to settle overnight (Fig. 4.13b). Following treatment, the acetic acid was washed out with
deionised water. This involved allowing the flocculated material to settle, then siphoning off
the supernatant liquid, adding deionised water and repeating several times.

Fig. 4.13 Photographs of the glass bottles immediately after shaking (A) and after being left
to settle (B). C denotes the sample after addition of Calcium chloride to aid flocculation and
D shows the samples after centrifuging. E and F show the glass slips with the sample, and
the XRD machine, respectively. Photographs taken by H Brooks.
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A 0.2% calgon solution (Sodium hexametaphosphate) was then added to the glass bottles
in sufficient quantities to cover the treated sample, then the samples were shaken. The calgon
aided the dispersion of clay particles. Samples were left to stand for at least 8 hrs, as a
rearrangement of Stokes’ formula (see equations 4.9 and 4.10) stated that it would take at
least 8 hours for the sediment to settle to 10 cm depth, at a room temperature of 20◦C.

Stokes′ f ormula : V T =
g(ρP −ρL)D2

18η
(4.9)

Rearranged Stokes′ f ormula : t =
18ηh

g(ρP −ρL)D2 (4.10)

where: VT = terminal velocity of a particle (m/sec), g = gravitational force (m/sec2), η =
fluid viscosity (kg/m/sec), D = particle diameter (m), ρP = density of an individual particle
(kg/m3), ρL = liquid density (kg/m3), h = height (m).

Stokes’ formula (equation 4.9) was rearranged into equation 4.10 using equation 4.11:

Velocity (VT) =
Distance (h)

Time (t)
(4.11)

where: Distance, in this case, equates to height (m), t = time (secs).

While Stokes’ formula (equation 4.9) assumes spherical particles, clays are actually
platelets and therefore an assumption had to be made that the settling time for a given clay
platelet would be the same as a spherical particle of the same size and density. This is known
as the effective settling diameter. Equation 4.10 was used to calculate that 8 hrs were required
for the 2 µm effective settling diameter fraction to settle to 10 cm depth within the water
column.

Following settling, a sample of 10 ml was pipetted from 10 cm depth within the sample
bottle, comprising the fraction <2 µm. This pipetted sample was the clay fraction used
for analysis. The pipette was rinsed with de-ionised water between samples. The pipetted
sample was added to a centrifuge tube with a few drops of Calcium chloride (CaCl2) to
flocculate the mixture into a homogeneous sample and to avoid differential settling and
mineral differentiation within the resulting sample (Fig. 4.13c). The sample was left until
visibly flocculated (generally about 15 minutes) and then centrifuged for 20 minutes at
3000 rpm to separate the sediment from the fluid (Fig. 4.13d). Following centrifuging, the
supernatant fluid was decanted and a small amount of sediment (circa 2 mm2) was scraped
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from the base of the test tube. This was then gently ‘smeared’ over a glass slip, using a thin
sheet of Perspex to spread the clay evenly over the whole of the slip (Fig. 4.13e). The slips
were then left to dry in a dessicator, over Calcium Nitrate. As Calcium Nitrate has a vapour
pressure of 50%, this allowed the clays to dry slowly and thus flat and parallel to each other
(i.e. evenly and ordered), as opposed the disorderly configuration of flocculated clays. This
aided the XRD machine as the XRD machine only looked at minerals across one plane.

The untreated samples were placed into a Bruker AXS diffractometer (Fig. 4.13f) and the
test was run for approximately 10 minutes. The slips were then heated at 105◦C over a tray of
glycerol in an oven for 2 hours. During this time the smectite, smectite-illite and mixed-layer
clay minerals take up the glycerol and their basal spacings can expand. Following this,
the samples were run again on the XRD machine. The slips were treated two more times,
with further measurements being taken on the XRD machine following each treatment. The
third and fourth treatments were heated at 400◦C in a muffle furnace for 2 hours and heated
at 550◦C in a muffle furnace for 2 hours, allowing removal of organic content/collapse of
smectite, vermiculite and mixed-layer minerals comprising mica, vermiculite and smectite
(Jeans, 2006) and the destruction of some structures, respectively. The method used here
improved the intensity of the basal diffraction (first order, second order and third order) of
the different groups of clay minerals, thus enhancing the qualitative and quantitative analysis
(Chris Jeans, pers. comm. 2019).

Results were collected in oriented X-ray powder diffractograms in Bragg-Brentano
geometry. The height of the peaks at a given number of Angstroms (Å) after particular
treatments were measured manually. By analysing the peak height ratios of known peaks
before and after each different treatment, this methodology allowed a semi-quantitative
analysis of the clay mineralogy. This was achieved by using the following equations from
Moore and Reynolds (1997) and modified by Dr. Jeans:

Kaolinite (%)+Chlorite (%) =

(
7Å (400◦C)

2.5

)
((

7Å (400◦C)
2.5

)
+10Å (400◦C)

) ×100 (4.12)

Kaolinite (%) =
3.59Å (400◦C)(

3.59Å (400◦C)+3.54Å (400◦C)
) ×Equation 4.12 (4.13)
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Chlorite (%) = Equation 4.12−Equation 4.13 (4.14)

Mica (%)+Smectite (%) =
10Å (400◦C)(

7Å (400◦C)
2.5 +10Å (400◦C)

) ×100 (4.15)

Mica (%) =

(
10Å (Gly) × 7Å (400◦C)

7Å (Gly)

)
10Å (400◦C)

×Equation 4.15 (4.16)

Smectite (%) = Equation 4.15−Equation 4.16 (4.17)

4.4.6 Other calculations

The above tests were used to calculate other important soil mechanics parameters and thus
achieve an overall understanding of changes in these parameters with depth and also along
the cross-shore profile of the four sampling areas within each marsh. The equations for
bulk density, dry density, void ratio, porosity and degree of saturation (the latter two being
presented in Appendix E, as they were less relevant to the thesis objectives) were used from
BS 1377-1 (BSI, 1990a).

4.4.6.1 Bulk density

Bulk density (ρ ; Mg/m3) was calculated for geotechnical tests, so the volume of samples for
shear box, ring shear and oedometer tests was always recorded. Bulk density measurements
were used to calculate other parameters, such as dry density, void ratio and porosity. Each
sample was weighed to calculate the mass and, as such, the bulk density of these samples
could be calculated, expressed as the mass of the sample per unit volume (Mg/m3), as shown
in equation 4.18.

ρ =
mw

v
(4.18)

where: ρ = bulk density (Mg/m3), mw = wet mass of sample (Mg), v = volume of sample
(m3)
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While masses recorded in grams and volumes were generally recorded in cm3 or mm3 it
is generally customary to report densities in Mg/m3. As Mg/m3 and g/cm3 are numerically
the same, densities were often calculated using the mass in grams and the volume in cm3.
However, they were then reported as Mg/m3 to conform to British Standards.

4.4.6.2 Dry density

Dry density (ρd; Mg/m3), the mass of dry particles per unit volume, was calculated to give
a simple indication of the substrate compaction, and was also used in calculations of void
ratio and porosity. The critical erosion shear stress of intertidal sediments has been shown
to follow an approximately linear relationship with dry density (Williamson and Ockenden,
1996). Dry density (ρd) was calculated using equation 4.19:

ρd =
100ρ

100+w
(4.19)

where: ρ = bulk density (Mg/m3), w = moisture content of the sample (%)

4.4.6.3 Void ratio

Void ratio, e, is the ratio of the void volume to the solids volume (equation 4.20):

e =
vv

vsolids
=

ρs

ρd
−1 (4.20)

where: vv = volume of voids (m3), vsolids = volume of solids (m3), ρs = particle density
(Mg/m3), ρd = dry density of the soil (Mg/m3)

4.5 Geotechnical properties

The laboratory tests described in this section were all undertaken by myself in the Geotech-
nical soils laboratory at the BGS, Keyworth, and were monitored by Matt Kirkham, the
Geotechnical Soils Lab Specialist. This included analysis of the geotechnical behaviour of
the substrate, in terms of drained, consolidated shear strength (section 4.5.1), residual shear
strength (section 4.5.2) and one-dimensional consolidation (section 4.5.3). Index tests in
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the form of Atterberg limits (liquid limit, plastic limit, linear shrinkage and shrinkage limit;
section 4.5.4) and particle density analysis (section 4.4.4) were also undertaken at the BGS.

4.5.1 Shear box tests

In line with research question one (i.e. to characterise the geotechnical properties of salt
marsh and tidal flat substrates), drained, consolidated shear box tests (see Terzaghi et al.,
1996) were used to quantify both the peak effective angle of shearing resistance and the
cohesional strength component of the substrate. This also allowed the quantification of
material behaviour (brittle, brittle-ductile, or ductile). While the CSM and shear vane
measure sediment stability on smaller areas (of the order of square centimeters), the shear
box uses a larger sample (square decimetre(s)) so can provide some understanding of how
the bulk substrate mass behaves under shear stress. For the purpose of this study, a Wykeham
Farrance Model No. 25402 shear box was used.

The undisturbed field samples for shear box tests were subsampled by carefully trimming
their edges in the laboratory to fit flush to a 100 mm x 100 mm x 20 mm shear box, following
the undisturbed sampling technique outlined in section 4.2.3. Tweezers were used to hold
roots in place, allowing the roots to then be cut using a scalpel, without causing movement of
the root in the surrounding sediment. A sample for initial moisture content (w0; %), LOI and
PSA was taken from the trimmings closest to the actual sample. Measurement of the sample
dimensions allowed quantification of the sample area, A (mm2), and initial volume, v0 (cm3),
while weighing of both the cutter and the cutter with the sample allowed quantification of
the initial specimen mass (m0). Each full shear box test required three duplicate specimens,
which were restrained laterally by the apparatus, subjected to a normal stress and then sheared
along a horizontal plane. The shearing resistance of the soil occurred as one portion of the
soil was forced to slide over itself along the shear plane: this resistance was measured during
the horizontal displacement. Specimen one was consolidated overnight using the lowest
normal stress and then sheared the following day, with the shear stage generally taking
between 4 and 6 hours. After shearing the first sample, this was removed, and specimen
two was loaded into the apparatus and placed under the middle normal stress overnight to
consolidate. This was then sheared the following day, and the process was repeated with
specimen three under the highest normal stress. These three specimens comprised a single
shear box test. As two large undisturbed samples had been taken from the marsh, shear box
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specimen 1 and specimen 2 were subsampled from the upper and lower parts of the first large
undisturbed sample, then specimen 3 was taken from the second large sample.

The shear box apparatus comprised grip plates to keep the sediment in place, porous
plates to allow sample drainage, and a metal casing (Fig. 4.14). This was assembled and held
together by metal pins, and then the two boxes were separated prior to shearing by turning the
two metal pins by a half turn. This removed friction between the lower and upper confining
boxes and prevented crushing of grains, which could produce additional friction. The pins
were then removed before starting the shear stage. From the beginning of the consolidation
stage, through to the end of the shear stage for each specimen, the water bath was filled

Fig. 4.14 Shear box components (A) and set-up (B/C/D). The components in (A) are: (i)
lower confining shear box, (ii) upper confining shear box, (iii) top platen, (iv) shear box
base/spacer plate, (v) porous plates, (vi) grip plates, (vii) pins, (viii) sample cutter. When
assembled, the set-up follows (B), whereby a half clockwise turn of the pins raises the upper
confining box, creating a gap between the lower and upper confining boxes. (C) depicts this
in the machine, and (D) zooms in on the central shear box set-up in (C). The sample cutter
(viii) and the sample (denoted by the orange box in (C) and (D)) have dimensions of 100 mm
x 100 mm x 20 mm. Photographs in (A) and (B) were taken by M. Kirkham on 26/06/20
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with distilled water, to maintain a saturated sample. Distilled water was used based on the
idea that any salts which had precipitated out of the sample would remain in the sample and
therefore would be dissolved back into solution upon saturation. Following the consolidation
and shear stage for each specimen, the water was initially siphoned off, then the specimen
was left for 30 minutes before removing from the normal stress and the apparatus. This
prevented the movement of water into the soil following unloading.

The shear box test method followed BS 1377-7 (BSI, 1990e) and Head (1994), with the
shear rate for each test stage being dictated by T100 (the time at which the sample would
reach 100% consolidation, assuming that the consolidation rate during primary consolidation
continued throughout the test; Bishop and Henkel, 1962), see Fig. 4.15. The precise shear
rate was determined by first using T100 to calculate the maximum time to failure (tf), based
on Gibson and Henkel (1954), equation 4.21

tf = 12.7 T 100 (4.21)

where: tf = time to failure (minutes), T100 = theoretical time to 100% consolidation
(minutes)

The likely horizontal shear deformation of the sample (in mm) at the point of failure
was then found based on values in Head (1981) and Head (1994) for the sediment type in
question. Likely horizontal shear deformation was therefore taken to be 10 mm for samples
from Tillingham (a plastic clay), and 2 mm for samples from Warton (a dense sand). This
likely horizontal shear deformation was divided by tf to give the maximum displacement rate
(in mm/min) for use in the test. This displacement rate was between 0.001-0.1 mm/min, in
accordance with (Bolton, 1991)’s recommendations for clay and silt-dominated substrates
under fully drained conditions. This ensured a sufficiently slow displacement rate to allow
drainage and the dissipation of excess pore water pressure, thus allowing the assumption
of zero pore water pressure and constant normal effective stress, σn

′, throughout each test.
The test is therefore a drained test where σn

′ is equal to the total stress, σn. Although the
samples were taken from less than 60 cm depth, the applied normal stress was restricted by
the minimum stress which could be applied to the shear box. Relatively low normal stresses
(σn) were applied to each specimen, starting at 10 kPa for the first specimen, then increasing
to 20 kPa and 40 kPa for the second and third specimens. This typified effective stresses
equivalent to 1 m, 2 m and 4 m water overburden, or approximately 0.5 m, 1 m and 2 m
sediment overburden, respectively.
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Fig. 4.15 Schematic to show calculation of T100. The square root is given as the square root
of the time (time originally in minutes). Straight lines are drawn through the initial, linear
primary consolidation (line AB) and horizontally from the maximum consolidation (line
CD). The point of intersection of these two lines defines T100, denoted by the blue circle.

The shear stress (τ; kPa), applied to the shear surface at all times throughout the shear
stage, was calculated using equation 4.22:

τ =
P
A
×1000 (4.22)

where: P = horizontal shear force (the load ring calibration multiplied by the load dial
reading; N) applied to the specimen and A = the initial plan area of the specimen (mm2).

The shear stress (τ; kPa) throughout each shear stage was plotted on the y-axis against
strain in percent (equivalent to horizontal displacement in mm-the latter being measured
to three decimal places) to produce a stress-strain curve (Fig. 4.16). From this, the peak
shear strength (τ f; kPa) was derived. Where the material did not reach a peak strength and
thus exhibited ductile behaviour, the final shear stress reached was given as the peak shear
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Fig. 4.16 Schematic of shear box data processing. (a) shows the stress-strain graph for data
under varying normal stresses during the test. The maximum strength (which is the maximum
stress the substrate could withstand in (a), is then plotted against the normal stress in (b). By
calculating a line of best fit through the points in (b), the Mohr-Coulomb failure envelope is
calculated, denoted by the dashed-dotted line.

strength (Fig. 4.16). The peak shear strength was not then divided by two, as is customary in
geotechnical engineering applications, as the factor of safety did not need to be accounted
for, but rather it was the actual peak shear strength value which was important.

The derived values for peak shear strength (τ f; kPa) for each specimen were then plotted
against the normal stress (σn; kPa) to construct a failure envelope (Fig. 4.16) determined by
the Mohr-Coulomb equation-see equation 4.23:

τ f = c′+σn
′ tanϕ

′ (4.23)

where: τ f = shear strength (kPa), c′ = effective cohesion (kPa), σn
′ = normal effective

stress (kPa), ϕ ′ = effective angle of shearing resistance (internal friction angle; ◦).

The effective angle of shearing resistance and the cohesional strength component could be
calculated from this line, with effective cohesion (kPa) being denoted by the y-axis intercept,
and the effective angle of shearing resistance (ϕ ′) being calculated using the arctan of the
line gradient, and then converting this value from radians to degrees. Additional calculations
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performed during the test to conform to British Standards but not directly relevant to the
thesis objectives are detailed in Appendix E.

4.5.2 Ring shear tests

For the ring shear tests, remoulded material was used, excluding root matter. The ring
shear test was therefore used to provide an idea of the residual strength: the worst case
scenario of substrate strength post-failure, as might be the case if all of the roots had been
severed/decomposed. This therefore characterised the strength derived from the sediment
particles alone, excluding the tensional strength provided by roots.

The ring shear apparatus comprised an annular cell into which the sediment was placed.
The annulus had a height of 5 mm, an inner radius of 35 mm, an outer radius of 50 mm,
and a circumference of 267 mm. Both the upper and lower rings had porous plates to allow
samples to drain. The test apparatus is shown in Fig. 4.17. As with the shear box, the ring
shear sample was saturated in a water bath of distilled water. During shearing, the lower part
of the annulus was moved, while the upper part remained in place. The test method followed
BS 1377-7 (BSI, 1990e) and Head (1994).

Ring shear samples were prepared from the trimmings of the second shear box specimen
for each location/depth. Trimmings at their natural moisture content were sieved at 1.18
mm to remove roots and any larger particles, in accordance with BS 1377-7 (BSI, 1990e).
The test required 150-200 g sieved material, and this was mixed into a homogeneous sample
using a palette knife. A sample for moisture content, LOI and PSA was then taken. For
each ring shear test, the sample was carefully smeared into the annulus using a thin-tipped
palette knife. The sample was then consolidated at the lowest normal stress (14.4 kPa), and
the maximum rate of displacement in millimetres/minute was calculated as for the shear box
(see section 4.5.1). This was then converted into degrees/minute using equation 4.24 taken
from BS1377-7 (BSI, 1990e):

vnew =
57.3 vmax

r
(4.24)

where: vnew = the calculated maximum rate of displacement (degrees/min), vmax = the
calculated maximum rate of displacement (mm/min), r = mean radius of the test specimen
(mm).
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Fig. 4.17 Side view (A) and plan view (B) of the ring shear test. In (B), the force is applied
to the torsion beam at the points denoted by red dots. As such, L is given as the measured
distance between these two locations, and was approximately 80-85 mm, although this varied
for each test.

A shear plane was formed by shearing the sample using the motor at 1 degrees/minute
until the sample was displaced by 32◦. This is equivalent to five turns of the hand wheel on
an older shear box model, as recommended by Head (1994). The sample was then left to
stand for a period equal to or greater than T100 (to allow dissipation of excess pore pressures)
and sheared until the residual state was reached. As with the shear box test, the shear rate for
each test stage was dictated by T100, to allow drainage and thus the assumption of zero pore
water pressure. The test procedure followed that detailed in BS 1377-7 (BSI, 1990e) and was
undertaken using the lowest normal stresses allowed by the machine, resulting in a normal
stress of 14.4 kPa, 26.6 kPa and 51.1 kPa for stages one, two and three, respectively. The
same sample was then consolidated at the next normal stress overnight (26.6 kPa), and the
process of forming a new shear plane and then shearing the sample was repeated. The ring
shear tests therefore only used one sample to obtain all three peak shear strength values (as



138 Methodology

the sediment was reconstituted), while the shear box tests used three different specimens, as
the substrate structure had to remain as found in situ for the shear box tests. Following the
test, the water was siphoned off and then the normal stress was removed.

After each stage, the average shear stress (τ; kPa) applied over the shear plane was
calculated using equation 4.25:

τ =
3L(F1 +F2)

4π (r2
3 − r1

3)
(4.25)

where: L = distance between the two points of force application on the tension beam
(mm), F1 = final force on dial 1 (N), F2 = final force on dial 2 (N), r1 = inner radius of test
specimen (mm), r2 = outer radius of test specimen (mm)

The normal load (kg) was converted to normal effective stress (σn
′; kPa) by multiplying

by 2.449, which accounted for the area of the sample. The σn
′ was plotted on the x axis

while the average shear stress (τ) was plotted on the y-axis. As the residual cohesion is
assumed to be zero (Lupini et al., 1981; Tiwari and Marui, 2005), the residual strength was
determined from equation 4.26:

τ r = σn
′ tan

(
ϕ r

′) (4.26)

where: τr = residual shear strength (kPa), σn
′ = normal effective stress (kPa), ϕr

′ =
residual angle of effective shearing resistance (residual friction angle; ◦)

Similar to the calculation of ϕ ′ in section 4.5.1, the residual angle of effective shearing
resistance (ϕr

′) was calculated using the arctan of the line gradient, and then converting this
value from radians to degrees. The mass of the sample within the annulus was calculated
before the test to give bulk density, and a moisture content sample was taken from the material
at the end of the test.

4.5.3 Oedometer tests

Oedometer tests were used to determine the one-dimensional consolidation characteristics of
an undisturbed, saturated sample, thus characterising both the stress history and the substrate
compressibility (in terms of both magnitude and rate). Defining the substrate compressibility
can assist in assessing the likely relative influence of surface versus subsurface processes on
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marsh elevation change. The stress history was evaluated using the overconsolidation ratio
(OCR). Samples were tested on a GDS Automatic Oedometer System (GDS Instruments Ltd,
2014) to assess both compressibility and swelling. Tests were undertaken in accordance with
BS 1377-5 (BSI, 1990d) and Head (1994), and duplicate tests were run on two ‘replicate’
samples from each undisturbed sampling location.

Compression (volumetric changes within a soil when subjected to stress; Barnes 2010)
of a soil can occur due to a number of reasons. Soil comprises solid particles, and voids
composed of both water and air. During normal loading, both solid particles and water are
considered incompressible, while air is very compressible (Knappett and Craig, 2012). For
fully saturated soils (or those which are laterally-confined), a reduction in volume can occur
if water can escape from the voids, the process known as ‘consolidation’. This is distinct
from the process of compaction, which refers to the escape of air from the voids (Barnes,
2010).

When a stress is applied in a direction normal to the substrate surface, the stress can
initially be resisted within the substrate through forces at interparticle contacts or, in fully
saturated (or laterally-confined) soils, by an increase in pore water pressure (Terzaghi 1943;
Fig. 4.18). Following an increase in vertical stress, seepage of water from the voids takes time
(the time of which is related to the substrate permeability), therefore initially the pore water
supports the total increase in stress and the pore water pressure increases above the static
value to an excess pore pressure, the increase of which will equal the increase in total vertical
stress (Terzaghi 1943; Fig. 4.18). At this point, the substrate is undrained. The resultant
hydraulic pressure gradient encourages soil drainage, where possible, and the dissipation of
excess pore pressure, until the pore pressure returns to a new equilibrium value, with the
increase in total normal stress now being reflected by an increase in effective stress of the
same magnitude. In this ‘drained’ state solid particles can rearrange themselves by rolling or
sliding into a denser structure, thus causing a reduction in volume if the soil is not already
at its maximum dry density and also an increase in the interparticle forces and therefore
the effective stress (Knappett and Craig, 2012). At this point the new, denser, particle
arrangement is able to withstand higher normal stresses should pressure be applied again in
the future. As the consolidation tests employed here were all using saturated samples, the
principles of consolidation (‘Terzaghi’s Principle’) devised by Terzaghi (1943) and described
above and in Fig. 4.18 should apply, although this requires various assumptions, some
of which, such as the soil being homogeneous, were impossible to meet. The amount of
consolidation (or axial displacement) a soil may undergo, or has previously undergone can
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Fig. 4.18 Schematic of changes in pore water pressure (µ), effective stress (σ ′) and void
ratio (e) following an application of normal stress (i.e. a change to the total stress; σ ).
Before application of normal stress (A), it is assumed that the substrate is at equilibrium. As
such, the effective stress is equal to the total normal stress minus the pore water pressure.
Immediately after application of external normal stress, the stress is taken up by an increase
in the pore water pressure (B). The increase in the pore water pressure is therefore equal
to the applied stress, while the effective stress does not change. During drainage (stage
C), water is dissipated from the voids, with the rate of dissipation being controlled by the
permeability of the substrate and the distance water has to move to escape the deposit. As
such, the pore water pressure decreases, and the effective stress increases. The void ratio also
decreases during this stage. When excess pore water pressures have been fully dissipated (D),
the substrate has reached a new equilibrium and the overall change in effective stress is equal
to the change in total stress (i.e. the applied normal stress). After Barnes (2010); pg 109.

therefore affect the packing density and thus how a substrate responds to shear stress. Both
consolidation characteristics and shear strength are therefore closely linked.

The internal dimensions (width and height) of the sampling ring were measured three
times to a precision of 0.1 mm using Vernier callipers. The initial sample height was given
as H0 (mm). The oedometer rings measured approximately 75 mm internal diameter and 20
mm height. These measurements allowed quantification of the sample area, A (mm2), and
initial volume, v0 (cm3). The oedometer samples were sampled directly in the test rings in the
field, leaving plenty of additional sediment to minimise disturbance. The samples were then
carefully trimmed to size in the laboratory, following the methods detailed in sections 4.2.3
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and 4.5.1. A sample for initial moisture content (w0), LOI and PSA was taken from the
trimmings closest to the central portion. To allow quantification of the initial bulk density,
dry density, void ratio and degree of saturation, the rings were all measured and labelled
before sampling in the field. The pre-test sample mass (m0) at natural moisture content, was
then measured in the laboratory while the sample remained in the ring, and the dry sample
mass (md) was calculated at the end of the test. Initial bulk density, dry density, void ratio
and the degree of saturation were then calculated, using the equations in section 4.4.6 and in
Appendix E. As with the shear box measurements, the initial parameters were denoted by a
subscript ‘0’. The equivalent height of solid particles (Hs; mm) was also calculated before
the test, using equation 4.27:

Hs =
H0

1+ e0
(4.27)

where: Hs = equivalent height of solid particles (mm), H0 = initial height of sample (mm),
e0 = initial void ratio

The samples were placed in the machine, confined laterally by the ring and with pre-
saturated porous plates above and below the sample to allow sample drainage. The apparatus
set-up is depicted in Fig. 4.19. The water bath was filled with distilled water for the same
reasons as in section 4.5.1. However, the use of distilled water rather than saline water
was further validated in the pilot study, as two replicate samples were run in the oedometer
machine, one with saline and one with distilled water. In these tests, the change in void
ratio as the pressure was applied and then released showed the same trend, but was offset
by a void ratio of 0.2 – 0.4 due to the differences in the initial void ratio (see Chapter 5).
The results were therefore comparable, so distilled water was used to reduce damage to
the machine. A plastic cover was placed over the water bath to reduce water loss from
evaporation, however the water still required topping up throughout the test. The upper cell
ring was placed carefully over the sample and secured in place using two connecting nuts
and the upper porous plate and platen were put in place. The cell was then adjusted such that
the axial transducer came into contact with one of the connecting nuts. Using the manual
keypad, the upper platen was raised to within 2 mm of the lower limit of the load cell. The
base platen was then raised at a slower rate using the computer control, to achieve a loading
force of 0.003 kN. The axial displacement on the control was then set to zero to define the
base level for the test.
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Fig. 4.19 Set-up of the oedometer apparatus. The sample is left in its ring, turned upside
down and placed on top of a saturated porous plate at the base of the apparatus. The sample
is then covered by a porous plate and the loading cap is secured. The sample ring is then
secured in place using a lateral restraint and two pins. Finally, the normal stress is applied to
the centre of the loading cap. The sample was 75 mm in diameter and 20 mm in height.

Initially, the samples underwent a swell stage, however there was very little change during
this stage, and the samples frequently gave in after just 1 kN of pressure, so the machine
tried to unload. As such, there was no swell pressure generated. The one-dimensional
consolidation test was run as an 8-stage axial load-unload test, comprising six consolidation
stages, with a maximum stress of 400 kPa, followed by two unloading stages (Table 4.6).
Each test stage lasted 24 hours, unless this was overridden manually, for example, when the
graph demonstrated that the sample was fully consolidated under that stress. However, where
possible, the test was left to run automatically to facilitate easier analysis. The results were
recorded using square-root time for the time units. The measured sample diameter, height
and mass were recorded, which allowed bulk density to be calculated (see section 4.4.6).

After the swell stage, the log10(time), where time was in seconds, was plotted on the
x-axis against the axial stress (kPa) on the y-axis. The main aim of the swell stage was to
determine the swelling pressure, defined as the maximum axial stress reached during the
stage. This was then used to determine the pressure of the first load stage, thus ensuring that
the pressure in the first load stage was greater than the swell pressure.
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Table 4.6 Summary of the stage type and applied pressure throughout the oedometer test.

Stage number Stage type Pressure applied (kPa)

1 Swell n/a

2 Consolidation 12.5

3 Consolidation 25

4 Consolidation 50

5 Consolidation 100

6 Consolidation 200

7 Consolidation 400

8 Unload 200

9 Unload 1

Following each loading stage, several parameters for that stage were calculated. Firstly,
the cumulative final displacement (df; mm) was noted from the gauge, where a positive value
denoted compression. As such df following each stage was equal to the cumulative change in
height since the start of the test, ∆H (mm). This allowed the calculation of the cumulative
change in void ratio from the start of the test (∆e), using equation 4.28:

∆e =
∆H
Hs

(4.28)

where: Hs = equivalent height of solid particles (mm).

From this the new void ratio at the end of a loading stage (e), defined as the initial void
ratio (e0), minus the change in void ratio (∆e) could be calculated using equation 4.29:

e = e0 −∆e (4.29)

The change in void ratio during any given stage (∆ estage) was also calculated using
equation 4.30:

∆estage = e1 − e2 (4.30)
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where: e1 = void ratio at start of stage (see equation 4.31), e2 = void ratio at end of stage
(see equation 4.32)

e1 =
e0

dinitial −Hs
(4.31)

where: e0 = initial void ratio, dinitial = axial displacement (mm) at start of stage, Hs =
equivalent height of solid particles (mm)

e2 =
e0

df −Hs
(4.32)

where: e0 = initial void ratio, df = axial displacement (mm) at end of stage (cumulative
from start of test), Hs = equivalent height of solid particles (mm)

These void ratios were calculated for all loading stages, as well as for the unloading
stages. The overall results of each test were displayed as graphs of void ratio (e) on the y-axis
against normal effective stress (σ ′) on the x-axis. By plotting the e-log σ ′ relationship, the
stress history (normally consolidated or overconsolidated, based on the overconsolidation
ratio; see Knappett and Craig, 2012) was determined using equation 4.33, thus highlighting
whether structural changes due to applied effective stress would be reversible or irreversible
(Knappett and Craig, 2012).

OCR =
Pc

P0
(4.33)

where: Pc = the maximum previous normal effective stress to which the soil has been
subjected (the preconsolidation pressure; kPa), P0 = overburden pressure (in situ effective
stress to which the soil was exposed upon excavation (kPa))

The preconsolidation pressure was calculated using the three-line method, as denoted in
Knappett and Craig (2012), while the overburden pressure was denoted by the depth below
the surface (m) multiplied by ρ multiplied by 10.

After the test was completed, the water was siphoned off and the sample was left to
rest for 30 minutes. Axial displacement was recorded both before and after the removal of
water and any differences were noted. Further calculations performed to adhere to British
Standards but not required to address the thesis objectives are detailed in Appendix E.
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4.5.4 Consistency limits (liquid, plastic, shrinkage) and linear shrink-
age

While the aforementioned PSA is particularly useful for measuring the composition of
non-cohesive soils, for engineers, it is customary to analyse the consistency limits for finer
sediments to improve understanding of the sediment behaviour at different moisture contents
(see Knappett and Craig, 2012). This has, however, rarely been done in marsh settings, despite
the effect of water content on sediment stability having been noted. For example, rainfall has
been shown to increase the erodibility of intertidal sediments (Tolhurst et al., 2006b) and the
relative length of the immersion and emersion periods can affect sediment stability (Friend
et al., 2005). Within this study, consistency limits were thus used to understand the behaviour
of the substrate at different water contents. As the water content of a substrate in the liquid
state reduces, the state changes to plastic, semi-solid and eventually solid, accompanied
by volumetric reduction (Fig. 4.20). This volumetric reduction (characterised in the linear
shrinkage and shrinkage limit tests) is particularly important to quantify, as it affects the
shrink-swell behaviour of the substrate and the potential for tension cracks to form. The
approximate water contents at which these state transitions take place and the commensurate
volumetric reduction are useful when characterising substrate behavioural properties.

Fig. 4.20 Consistency limits and indices for fine-grained sediments. Where: w = natural
moisture content, wP = water content at plastic limit, wL = water content at liquid limit, IL =
liquidity index, IP = plasticity index. Modified from: Knappett and Craig (2012)
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Consistency limit tests were undertaken on all fifteen bulk samples at Tillingham. While
the same tests were attempted at Warton, measurement of the plastic limit, liquid limit and
linear shrinkage was precluded by the relatively low clay content and thus the extremely low
plasticity of the samples. Samples from Warton were, therefore, deemed non-plastic. The
liquid limit test was performed using the four point cone penetrometer method, following BS
1377-2 (BSI, 1990b) and Head (1980), incrementally adding distilled water and testing the
depth of cone penetration. The plastic limit and linear shrinkage tests were also prepared and
carried out in accordance with BS 1377-2 (BSI, 1990b) and following Head (1980).

4.5.4.1 Liquid limit

The liquid limit of sediment occurs when the water content causes the substrate to transition
from a liquid state to a plastic state, and was defined as the moisture content at which a
specially-designed cone penetrated 20 mm into the sample, following BS 1377-2 (BSI,
1990b). Firstly, a subsample of each sample was taken to measure the natural moisture
content, as well as LOI and PSA. Samples of 250 g - 300 g were then wet sieved through a
425 µm sieve to remove roots, thus improving the repeatability of cone penetrations during
the liquid limit tests while also preventing roots from retaining moisture and modifying
the moisture content. Given that plasticity is a measure of the soil particle properties, it
was recognised that the root fibres would not affect the soil plasticity, but could produce
unrepresentative moisture content values through moisture retention. The percentage of
material passing the 425 µm sieve was quantified by first calculating the dry mass (md; in
grams) of the initial sample, using equation 4.34:

md =
100

100+w
mtotal (4.34)

where: w = moisture content (%), mtotal = mass of the sieved sample (g)

The dry mass was then used to calculate the percentage of particles passing the 425 µm
sieve (P425; %), using equation 4.35:

P425 =
md −mresidue

md
100% (4.35)

where: md = dry mass (g), mresidue = the mass of the sieve residue, after drying at 40◦C
overnight (g).
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While BS 1377-2 (BSI, 1990b) states that mresidue should be calculated after drying the
residue at 105◦C overnight, the residue here consisted primarily of roots. As such, drying of
the residue followed the methods and temperatures in section 4.4.3.

After wet sieving, the samples were dried in an oven at 40◦C, in accordance with BSI
(1990b) so as not to cause alteration to the clay particles. Once dry enough to begin the
liquid limit test (i.e. having a likely cone penetration of around, or just greater than, 10 mm)
a subsample of approximately 75 g was kept aside and dried further for the plastic limit
test. The remaining sample was moulded on a glass plate with two palette knives to ensure
homogeneous water content. Additional distilled water was added where necessary. If water
had to be added, the samples were left for at least 24 hours before beginning the test, to allow
the water to fully permeate through the sample.

The test required a metal cup which complied with (BSI, 1990b), being 55 ± 2 mm in
diameter and 40 ± 2 mm deep. When mixed sufficiently, the sample was smeared into the
cup using a tapered palette knife, so as not to leave any air bubbles. After filling, the top was
smoothed off using a palette knife. The filled cup was placed centrally underneath the metal
cone and the cone was lowered until it just touched the material. The cone was then lowered
into the sediment for five seconds and the penetration depth was recorded in millimetres, to
the nearest 0.1 mm. Ideally, the first penetration depth was 10-14 mm. If the penetration
depth fell within these values, the central part of the sample was removed from the cup, the
cup was refilled, and the penetration was tested again. If both the first and second penetration
depths for this moisture content were within 0.5 mm, then the results were repeatable so
the average of the two readings was taken as the penetration depth. If the two values were
within 1 mm, the central part of the sample (approximately 1 cm3 of sediment at the location
where the cone penetrated the sediment) was removed and the cup refilled, as before. The
penetration was then tested again. If the total range for the three readings did not exceed
1 mm, the mean of the three readings was taken as the penetration depth for this moisture
content. If the range of penetration depths exceeded 1 mm, then the whole cup was emptied,
the sample was remixed to ensure even distribution of moisture, and the whole process was
repeated until reliable results could be obtained. After each pair of penetrations with an
acceptable result was retrieved, the central sediment within the cup (the sediment which had
been in contact with the cone), was analysed for moisture content, which then corresponded
to that penetration depth. This process is summarised in Fig. 4.21. The cone was cleaned
carefully with blue towel after each individual measurement.
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Fig. 4.21 Flowchart to describe the method used to ensure cone penetrations were repeatable.
This workflow describes the process followed at each of the four penetration depths, with the
text in bold showing the two possible ways of obtaining a satisfactory result.

Following each successful penetration, additional distilled water was added, and the
penetration test was repeated, aiming to capture four penetration depths at approximately
10, 15, 20 and 23-25 mm. These were not strict values, however the test required a range of
penetration depths between 10 and 25 mm, with the first penetration depth being between 10
and 14 mm, and the 20 mm penetration being required to fall between 19 and 21 mm. The
liquid limit was then calculated by plotting the penetration depth (mm) on the y-axis against
the moisture content on the x-axis. The equation of the linear best fit line between the data
points was then rearranged to give the moisture content at precisely 20 mm penetration depth.
This value was given as the liquid limit, to the nearest 0.1%.
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4.5.4.2 Plastic limit

The plastic limit occurs at the lowest moisture content at which the soil exhibits plastic
behaviour. Plasticity describes whether the substrate can undergo irrecoverable deformation
with crumbling or cracking and occurs due to the presence of clay minerals or organic matter
(Knappett and Craig, 2012). To remove additional moisture from the subsample that had been
set aside for calculating the plastic limit, approximately 25 g of the material was removed
and rolled and kneaded. Once several small cracks started to appear on the surface, this was
split into two samples of approximately 10 g. The first one of these was then split into four
and each subsample was rolled into a thread approximately 6 mm in diameter on a glass plate.
Between five and ten strokes (with a movement of the hand both forwards and backwards
counting as a stroke) with steady, uniform pressure were used to reduce the diameter to about
3 mm. A 3 mm diameter rod was used as a reference while performing this test. If the sample
cracked at or before reaching 3 mm diameter it was deemed to be at is plastic limit, so it
was placed in a tray for moisture content analysis. If the sample did not crack, break into
pieces or show signs of brittle behaviour, it was reworked in the hands to remove moisture
until the roll test produced a cracked or crumbled thread. This was then repeated with the
three other subsamples, and each was placed in the same moisture content tray when it was
done. Finally, the whole process (of splitting the sample into four and then rolling each
subsample) was repeated with the other 10 g sample, then these were placed in a separate
moisture content tray. Each tray was then left in the oven at 105◦C overnight to determine
moisture content and, if the percentages from the two trays were within 0.5%, the mean of
these two moisture contents was given as the plastic limit.

The plasticity index (IP; the range of moisture contents over which a material behaves as
a plastic material) was calculated using equation 4.36:

IP = wL −wP (4.36)

where: wL = liquid limit (%) and wP = plastic limit (%).

The plasticity index was then plotted against the liquid limit in a plasticity chart (Fig. 4.22).
Finally, to understand shrink-swell behaviour of the soil, the ‘activity’ was calculated using
equation 4.37:

Activity =
IP

clay f raction
(4.37)
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where: IP = plasticity index, clay fraction = size of the clay fraction, expressed as a
percentage. A high activity (>1.25) denoted a soil which would undergo more volumetric
change during wetting or drying, possibly due to high quantities of montmorillonite (Skemp-
ton, 1953). Low activity and normal activity were defined as soils with values of <0.75 and
0.75-1.25, respectively (Skempton, 1953).

Fig. 4.22 Example plasticity chart, drawn using pilot study data, in accordance with BS 5930
(BSI, 1990b). The A-line separates out samples that behave like clay (denoted by an "C")
and those which behave like silt (denoted by an "M") in the abbreviations. "L", "I", "H", "V",
and "E" refer to low plasticity, intermediate plasticity, high plasticity, very high plasticity and
extremely high plasticity, respectively.

4.5.4.3 Linear shrinkage

The linear shrinkage test was undertaken on the sample at 20 mm penetration from the liquid
limit test. The sample was removed from the cup, smeared into a 140 mm length half cylinder
tube, then left to air dry for over a week, or until the sample fully broke away from the mould,
then left in the oven at 105◦C overnight. Finally the shrinkage was measured, based on the
difference between the length of the half cylinder and the dried sample. The linear shrinkage
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(LS; %) was calculated using equation 4.38, and was also compared to the SHRINKiT results
(see below).

LS =

(
1− LD

L0

)
×100 (4.38)

where: LD = length of dried sample (mm) and L0 = original length of sample (mm).

4.5.4.4 Shrinkage limit

The shrinkage limit (wS) describes the water content at the minimum volume a soil can
reach during drying, at the boundary between the semi-solid and solid states (Hobbs et al.,
2014). This is relevant for describing shrink-swell properties in clayey substrates, which is
particularly important given that soil shrinkage and reduced moisture content in the summer
are known to aid the formation of tension cracks (Allen, 1989; Morris et al., 1992), which
then can lead to toppling failures at the marsh cliff (Francalanci et al., 2013). The shrinkage
limit was measured on sediments at the undisturbed sampling locations, using the U100

containers of undisturbed sediment. An undisturbed sample was used as both inter-particle
forces and the particle structure can affect the shrinkage limit (Barnes, 2010). As such, this
approach aimed to maintain the in situ soil structure. The samples were carefully extruded
in the laboratory and then run on the SHRINKiT apparatus, developed by Pete Hobbs and
others at the BGS (see Hobbs et al., 2014). SHRINKiT uses an automated laser to measure
the volumetric change of a cylindrical sample which is left to dry at room temperature on a
motorised rotating platform (BGS, 2017). The sample must be at a moisture content between
the liquid and the plastic limits in order to support itself (Hobbs et al., 2014).

Firstly, the U100 sample was cut in length using a cheese wire, so that it was approxi-
mately 10 cm high, then the sample was placed on the SHRINKiT apparatus. As the room
was climate-controlled at a temperature of 20◦C, a plastic partition was placed around the
sample to prevent preferential drying on one side due to the air conditioning. The machine
weighed the sample at the start and also alongside each scan. Each scan took approximately
10 minutes, and a scan was taken every 30 minutes. The sample was left for between 10 days
and three weeks, and the data was graphed up after ten days to determine when was best
to remove the sample. The test was continued until the sample stopped shrinking, then the
sample was removed and dried overnight at 105◦C in the oven. The sample was returned to
the machine the following day for one final scan, to determine the volume and mass when
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completely dry. While it was noted that roots sticking up or out of the sample could cause
some errors, this was deemed to be negligible with respect to the large shrinkage that was
expected, especially given that any given root would likely not be picked up in every scan.

Throughout the test, the unit volume, U (cm3; volume per 100 g of dry soil) was calculated
following BS 1377-2 (BSI, 1990b) using equation 4.39:

U =

(
v

md

)
×100 (4.39)

where: v=specimen volume (cm3) and md=specimen mass (g) after drying at 105◦C overnight

To calculate the shrinkage limit, moisture content (%) was plotted against the unit volume
(U; cm3/100g), and a horizontal line was plotted through the final dried mass (line A,
Fig. 4.23). A straight line was then drawn by hand through the initial, linear section of points,

Fig. 4.23 Summary of shrinkage limit calculation. Point A represents the sample after
drying at 105◦C overnight, while point B denotes the shrinkage limit. Between C and D,
the continual volume reduction approximates the water lost (Boivin et al., 2006). The zero
shrinkage stage (where volume is constant) lies between either B and A or E and A. wS =
shrinkage limit, wP = plastic limit, wL = liquid limit, IP = Plasticity Index, IS = Shrinkage
Index
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as measured by the SHRINKiT apparatus (line B, Fig. 4.23). The moisture content (in %) at
the intersection of lines A and B was given as the shrinkage limit, following BS1377-2 (BSI,
1990b). For additional context, moisture content was then plotted against other variables
during the test, such as void ratio, bulk density, change in volume and dry density.

4.6 Morphological change measurements

Marsh stability was quantified based on marsh morphological change, incorporating both
lateral marsh evolution over time, and also vertical marsh change. Although marshes can also
erode through internal dissection (Burd, 1992), the focus of this thesis is on erosion processes
and substrate properties at the marsh-tidal flat boundary, so the analysis of morphological
change over time therefore focuses on lateral retreat. As mentioned above, both marshes
within this study have undergone little internal dissection or degradation over time, thus
further justifying the focus on lateral change.

4.6.1 Lateral change

Initially, the spatial and temporal coverage of aerial photography for each site was investigated.
Images were chosen at regular intervals several years apart, with an aim of quantifying marsh
edge change between successive images such that observed change would be greater than
the combination of the imagery and mapping error (see later in this section for a discussion
of mapping error). This maximised the usefulness of the output data, while minimising
digitisation effort.

For Tillingham, imagery was chosen from 1992, 2001, 2009 and 2016, to allow relatively
even temporal coverage. The 1992 imagery was the first imagery which covered the field
site, while the 2016 imagery was the most recent imagery available at the time of analysis.
The imagery comprised ortho-rectified aerial photography, all of which were RGB or RGBN
(including near infrared) colour images, except for the 1992 imagery, which was panchromatic
black and white imagery. The imagery was all of 25 cm pixel resolution, although the pixel
size in the 2016 imagery was only 20 cm. Properties of each dataset are summarised in
Table 4.7. All imagery was obtained in late summer or early Autumn, thus representing the
time at which the maximum seasonal vegetation growth would have resulted in maximum
seaward vegetation extent.
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Table 4.7 Summary of imagery characteristics at Tillingham. Environment Agency data
was obtained directly for the Cambridge Coastal Research Unit, while Channel Coastal
Observatory imagery was downloaded from: http://www.channelcoast.org.

Imagery year Imagery source Method of
capture

Number of
bands

Pixel size (cm)

1992 Environment Agency
(Geomatics)

Film 1 25

2001 Environment Agency
(Geomatics)

Digital 3 25

2009 Environment Agency
(Geomatics)

Digital 3 25

2016 Channel Coastal
Observatory

Digital 4 20

The aerial imagery availability at Warton was poor. Vertical aerial photography was
available in 2006, 2008, 2010 and 2014 but most of the datasets did not cover the whole
study area. Therefore, LiDAR imagery obtained from the UK Environment Agency was
used as this allowed easy identification of the distinct change in elevation at the cliffed marsh
edge. As the Digital Terrain Model was patchy in some years (such as 2002), the Digital
Surface Model was used throughout to maintain consistency. To ensure fairly even coverage
in time, the cliffed marsh edge was mapped from 2017, 2008 and 2002 LiDAR, which was
of 1 m, 25 cm and 50 cm resolution, respectively (Table 4.8). The location of the cliff was
validated by drawing a profile across the interpreted marsh edge to ensure this was the actual
cliff location.

The imagery was downloaded as orthorectified imagery, or as a Digital Surface Model
of the LiDAR data, then imported into ArcMap 10.2, where each year was mosaicked and
converted into a new raster. The area for marsh edge mapping was defined by an area of
interest (AOI) at each site, which spanned all of the measurements taken for this study, and
also the location of additional data available from other studies. At Tillingham this AOI
was 1.85 km in length parallel to the shore, by 0.92 km normal to the shoreline. At Warton,
the AOI was 2.90 km in length parallel to the shore, by 1.92 km normal to the shoreline
(Fig. 4.24).

The salt marsh-tidal flat boundary was manually digitised as a polyline in ArcMap 10.2.
At Tillingham, this polyline was based on the continuous vegetation line in the chosen

http://www.channelcoast.org
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Table 4.8 Summary of imagery characteristics at Warton. LiDAR downloaded from: https:
//environment.data.gov.uk/DefraDataDownload/?Mode=survey

LiDAR year LiDAR source Pixel size (cm)

2002 Gov.uk 50

2008 Gov.uk 25

2017 Gov.uk 100

imagery, whereas at Warton the polyline reflected the rapid elevation change at the cliff
edge, which closely approximated the vegetation line, although there were some locations
at Warton where the vegetation had been stripped back from the cliff edge. Given that the
imagery was surveyed in late summer or early Autumn, the marsh edge line likely reflected
the extent of annual vegetation cover, not that of perennial species. Digitising this boundary
was particularly difficult on the black and white 1992 imagery, where different shades of
grey could not be directly linked to vegetation or simply roughness or shadow on the marsh
surface or edge. For example, it was sometimes difficult to distinguish between the vegetated
part of the ridge-runnel, and the non-vegetated section, given the considerable topographic
variation at this location. In contrast, the digitisation at Warton was much simpler as the cliff
line was easily discernible on LiDAR imagery. This was reflected in error values for different
marsh margin morphologies, as defined by Evans et al. (2019), (see below). Similarly, the
southernmost section of the AOI at Tillingham was particularly difficult to map due to the
presence of several chenier ridges. These chenier ridges are shell deposits produced by
overwash processes and, as such, it was sometimes difficult to identify the seaward limit of
vegetation. However, the chenier ridges changed in both their location, presence/absence and
extent between images. As such, the seaward edge of the cheniers was mapped based on
the visible vegetation line. Where it was too difficult to define a distinct vegetation line, the
seaward edge of the chenier was mapped, as this was the closest approximation to the marsh
edge which could be determined from the imagery. For comparison, the landward edge of
the chenier ridge and also the ridge-runnel sections in the southern section were mapped and
kept in separate shapefiles.

To digitise creeks, the polyline was made to follow the shoreline, passing partly into the
creek, but not sufficiently to produce an abrupt change in the shoreline, which may have
caused problems in the shoreline change analysis. Although the corners at the seaward ends
of creeks were areas of likely erosion, the above decision was made to keep methods as
consistent as possible and to ensure that the shoreline change analysis approach produced

https://environment.data.gov.uk/DefraDataDownload/?Mode=survey
https://environment.data.gov.uk/DefraDataDownload/?Mode=survey
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Fig. 4.24 Maps to show area of interest for each site used in AMBUR. A shows Tillingham,
using the 2016 imagery, while B shows Warton, using the 2017 LiDAR.

meaningful results. Furthermore, as noted by Evans (2018), the hydrodynamic forces affect-
ing creek edges (e.g. tidal current velocity; Vandenbruwaene et al., 2012) are considerably
different to those acting on the marsh margin (e.g. wave energy; Leonardi and Fagherazzi,
2014).

Where possible, points were placed approximately every 2.5 m, but digitisation point
spacing was always less than 5 m. To ensure accurate digitisation, the imagery was zoomed
to variable scales, thus maintaining a balance between providing contextual information and
detailed pixel-by-pixel colour variation. However, the zoom was generally less than 1:500
scale and, when positioning a point, this was reduced to at least 1:250. An example of the
digitised marsh edge at each site is shown in Fig. 4.25.

Shoreline position error (m) was quantified using equation 4.40 following Sutherland
(2012):

Shorelineerror =
√

RMSSource2 +RMSInterp2 +RMSVar2 (4.40)
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where: RMSSource = root mean square source uncertainty (m), RMSInterp = root mean
square interpretation uncertainty (m) and RMSVar = root mean square variability error (m)

The root mean square source error related to the error in image co-registration. Geo-
referencing of images was difficult on the imagery, as there were few fixed locations which
could be used as ground control points. As such, the root mean square image co-registration
error of 1.22 m calculated by Evans et al. (2019) was used. This was calculated for the
co-registration of imagery from 1992 and 2013 on the Essex coast using 62 ground control
points.

The root mean square interpretation error refers to the user-related interpretation of the
shoreline. The RMSInterp used here was calculated from panchromatic imagery, also by
Evans et al. (2019). As this was based on panchromatic imagery, this gave a worst case
estimate of the error associated with the interpretation and digitisation of the vegetation line,

Fig. 4.25 Examples of digitised marsh edge at (a) Tillingham and (b) Warton. Map A shows
the shoreline and imagery from 2009, while map B shows the shoreline and LiDAR from
2017. Both maps are zoomed in to 1:500 scale and also show the location of the marsh edge
site.
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and was split by marsh margin type, giving RMSInterp as 4.03 m for ridge-runnel margins
(in this case, Tillingham) and RMSInterp as 0.54 m for cliffed margins (in this case, Warton).
This error comprised both the interpretation of the marsh margin location, and the precision
associated with digitising the same line by a given user.

The root mean square variability error refers to the horizontal variability in the cross-shore
position of the shoreline proxy. As the vegetation line was used here, rather than a water
line-based measure of the shoreline, and images were taken at the same time of year (see
above), the root mean square variability error was deemed to be zero. Therefore, errors in
the digitised position of the shoreline were 5.25 m and 1.76 m at Tillingham and Warton,
respectively.

The lateral change in the position of the salt marsh-tidal flat boundary was then quantified
using the Analyzing Moving Boundaries using R package (AMBUR; see Jackson et al.,
2012), accessed through a graphical user interface. This required the digitisation of two
baselines, which were drawn approximately parallel to the historical shoreline. To facilitate
analysis in AMBUR, all historical shoreline polylines from each site were appended into a
single shapefile in ArcMap. AMBUR was then used to cast trimmed, perpendicular transects
at 5 m spacing from the outer baseline, passing through the digitised shorelines to the inner
baseline. The transects were then filtered to minimise gaps between the transect endpoints.
For this, a window size of five was used, so the mean azimuth of five transects was calculated
to define the new transect angle for the central transect. AMBUR then recorded the points of
intersection between each transect and each historical shoreline, before calculating relevant
statistics for every transect. The basic shoreline change distances (in metres) and End Point
Rate (EPR; in m/year) were extracted from the output file and then graphed in Python. The
End Point rate was calculated using equation 4.41 reflected:

EPR =
Total change (metres)

Time between observations (years)
(4.41)

Use of EPR allowed normalisation for different time periods, and thus facilitated easy
comparison between sites. A positive EPR denoted shoreline progradation, while a negative
EPR indicated lateral retreat.
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4.6.2 Vertical change

Vertical marsh change was quantified using Surface Elevation Tables (SETs; see Boumans
and Day, 1993; Cahoon et al., 2002) and marker horizons (see Cahoon and Turner, 1989) in
a combined approach (see Cahoon et al., 2000) from fixed point locations on each marsh.
This approach is outlined in Fig. 4.26. For this, a deep rod had previously been drilled
to a subsurface datum (usually circa 3-5 m below the surface). At 90 degree intervals in
North, East, South and Westerly directions from the main rod, nine pins were lowered from a
detachable arm onto the surface and this distance was measured to the nearest millimetre.
This provided a measure of the surface elevation change relative to the fixed subsurface
datum (2). Marker horizons then recorded any vertical sediment accretion above the marker
horizon (1). Measurement (1) was then subtracted from measurement (2) to isolate the
influence of subsurface processes, known as ‘shallow subsidence’ (Cahoon et al., 1995). As

Fig. 4.26 Combined marker horizon-SET approach. The contribution of subsurface processes
was calculated as the elevation change relative to the subsurface datum minus the vertical
accretion. Adapted from: USGS (2019) (Accessed: 12/08/19).
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such, the cause of any marsh elevation change could be proportionally ascribed to surface
processes, such as sedimentation and erosion, or to subsurface processes, such as compaction,
shrink-swell behaviour and decomposition of organic matter (Cahoon et al., 1995).

Marker horizons and SETs were installed at Tillingham on 09/11/12 by Professor Iris
Möller and Dr Ben Evans, parallel to a wave transect and slightly North of the sampling sites
used in this study (Fig. 4.1). Since installation, these SETs have been measured approximately
every six months, except for a gap between September 2013 and December 2015. The final
measurements used for analysis in this thesis were taken in July 2017.

SETs and marker horizons were installed at Warton on 24/10/2012, again by Professor
Iris Möller and Dr Ben Evans. These were measured on 24/10/2012, 20/05/2013, 21/08/2013
and 27/11/2013, thus providing a year-long record of surface and subsurface elevation
change. However, during a pilot study trip in March 2017, it became obvious that these
sampling stations had been eroded off the marsh front, given the rapid rates of lateral retreat
experienced by Warton marsh. While the possibility of installing new SETs was considered, it
was decided that installing new SETs to measure millimetric vertical change was impractical,
given the rapid rate of lateral change which had obviously taken place at this marsh. With
continued erosion, the SET apparatus would be eroded from the front of the marsh before
measurements could be taken.

The observations of lateral and vertical marsh change derived using the above methodol-
ogy were then used as contextual information to inform an interpretation of the measurements
of substrate properties outlined above. Using this context, a more informed discussion is
possible around the importance of geotechnical and sedimentary properties for the stability of
salt marshes, given their specific geographical setting and morphological dynamism. Further,
the in situ sediment analysis results inform the interpretation of the observed elevation change,
the surface component of elevation change, and also the subsurface component of elevation
change. Although not a core element of this thesis aims, these additional observations of
salt marsh morphodynamics facilitate the wider discussion around the relationships between
substrate composition/properties and the processes that can affect marsh extent and surface
elevation.
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4.7 Numerical/analytical approaches

4.7.1 Testing for statistical differences between datasets

While it was initially assumed that measurements of substrate composition at Tillingham
and Warton would be statistically significantly different, it was important to confirm this
assumption using statistical tests. Prior to statistical analysis, it was unknown as to whether
within-site differences in substrate composition would be statistically significantly different.
As such, the sediment core datasets (moisture content, organic content, carbonate content,
clay content, silt content and sand content) were tested for differences between each core
at Tillingham and between all core measurements at Tillingham and all core measurements
at Warton. Bulk samples of water, organic, carbonate, root, clay, silt and sand content at
Tillingham were also compared to those at Warton, and comparisons between the mean shear
vane, torvane and CSM (using both the 50% and the 90% threshold) were also undertaken.
First, the Shapiro-Wilk test (see Shapiro and Wilk, 1965) was used in Python to check
whether each dataset was normally distributed. The test specifically tested whether a random
sample (i.e. each dataset which had been collected) was from a normal distribution. As
several datasets were not normally distributed (see Tables 4.9 and 4.10), non-parametric tests
for differences between datasets were required to address Objective 1a. The Mann-Whitney
U test requires 20 observations to be effective, a criteria which was not always met by the
datasets, and only allows two datasets to be compared at once. Therefore, in order to keep
the methods constant throughout, and to compare three or more datasets (where required),
the Kruskal-Wallis test was used (see Kruskal and Wallis, 1952) to test for a difference in

Table 4.9 P-values from the Shapiro-Wilk test on all core data from Tillingham, as well as
the RESIST marsh edge cores at Warton. Values in bold (p > 0.05) denote samples which
were normally distributed. All values are rounded to three decimal places.

Moisture
content (%)

Organic
content (%)

Carbonate
content (%)

Clay (%) Silt (%) Sand (%)

Tidal flat <0.001 0.011 0.012 0.003 <0.001 <0.001

Marsh edge <0.001 0.130 0.599 0.477 <0.001 <0.001

Creek edge <0.001 0.217 0.153 <0.001 <0.001 <0.001

Inner marsh <0.001 0.005 0.188 <0.001 <0.001 <0.001

Warton 0.062 <0.001 <0.001 0.002 <0.001 <0.001
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Table 4.10 P-values from the Shapiro-Wilk test on water, organic, carbonate, root, clay, silt
and sand content from bulk samples at Tillingham compared to Warton, as well as the mean
shear vane, torvane and CSM (using both the 50% and the 90% threshold). Values in bold (p
> 0.05) denote datasets with a normal distribution. All values are rounded to three decimal
places.

All Tillingham Warton

Water content (%) 0.024 0.792 0.743

Organic content (%) 0.009 0.446 0.960

Carbonate content (%) 0.670 0.767 0.334

Root mass (% dry mass) <0.001 0.045 0.004

Particle density (g/cm3) 0.228 0.232 0.022

Clay (%) 0.004 0.395 0.251

Silt (%) 0.013 0.241 0.003

Sand (%) 0.350 0.091 0.007

Undrained shear strength (Torvane; kPa) 0.011 0.086 0.001

Undrained shear strength (Shear vane; kPa) 0.010 0.182 0.005

Shear vane minus Torvane 0.021 0.810 0.027

Erosion threshold (90% threshold; kPa) <0.001 0.147 0.069

Erosion threshold (50% threshold; kPa) 0.013 0.528 0.013

the median of the datasets. The Kruskal-Wallis test was suitable for the datasets here, some
of which had different sizes. However, all datasets had a minimum of five observations and
were thought to be independent of each other.

4.7.2 Testing for relationships between datasets

Pearson correlations between all measures of substrate composition and in situ substrate
erosion resistance (shear strength recorded using the shear vane and torvane, and erosion
threshold using both the fall to 50% and 90% of the initial light transmission) were compared
using a correlation matrix. A separate correlation matrix was produced for Tillingham and
Warton marsh.

Principal Components Analysis (PCA) was used to explore the controls on the variability
of substrate composition, shear strength recorded using the shear vane and torvane, and also
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on the erosion threshold (using both the fall to 50% and 90% of the initial light transmission
as an erosion threshold). PCA is a dimensionality-reduction technique, which transforms the
original variables into a set of uncorrelated principal components, while preserving as much
of the dataset variance as possible (Jolliffe, 2002). A separate PCA was used for composition
with shear vane-derived shear strength, composition with torvane-derived shear strength,
composition with the CSM threshold (50% of initial light transmission) and composition
with the CSM threshold (90% of initial light transmission). While PCA assumes that all
variables are normally-distributed, the Kruskal-Wallis results in this thesis highlighted that
this was not the case. However, this was not an issue as PCA can still group intercorrelated
parameters by their contribution to the overall dataset variance (Steel, 1996; Jolliffe, 2002;
Reid and Spencer, 2009; Chirol et al., 2018).

Sampling adequacy was checked using the Kaiser-Meyer-Olkin (KMO) test and all KMO
values were between 0.67 and 0.72. This indicated an adequate sampling adequacy in all
cases. Each dataset was standardised to ensure a mean of zero and a standard deviation of
one, then PCA was run on the standardised datasets. The proportion of variance explained
by each principal component was calculated, and the chosen principal components were
presented graphically using biplots to highlight the relative importance of each variable.





Chapter 5

Results

5.1 Introduction

As discussed in chapters 1 and 2, characterising the variation in marsh substrate composi-
tion within and between salt marsh sites is vital for understanding marsh substrate strength.
Geotechnical tests can indicate the precise applied stress at which a given marsh substrate
would fail or consolidate, allowing more detailed understanding of the processes and con-
ditions which can result in, for example, bulk failure (section 1.1.4). This chapter presents
data on the composition and behaviour of salt marsh and tidal flat substrates from both Till-
ingham and Warton (Objectives 1a and 1b), then draws upon in situ substrate shear strength
measurements (Objective 2a). Finally, this chapter gives evidence of recent morphological
change at these sites, both in the lateral and vertical dimensions (Objective 3a). The results
presented in this chapter form the basis for discussion in Chapters 6, 7 and 8.

5.2 Substrate description

Based on BS 5930: 2015 (BSI, 2015), the substrate at Tillingham was a very soft dark brown
clayey silt with rootlets and lenses of clay (Fig. 5.1a). At Warton, the substrate comprised
medium dense light greyish brown silty fine sand with rootlets and lenses of both clay and
coarser sand (Fig. 5.1b).
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Fig. 5.1 Photographs to indicate the sediment at Tillingham (A/C) and Warton (B/D). Pho-
tographs from Tillingham were taken Sep/Oct 2017 and photographs from Warton were taken
Jul 2018.

5.3 Substrate composition

5.3.1 Moisture content/organic matter/carbonate content

Moisture content was generally between 40.00% and 60.00% in all four Tillingham cores,
although some deviations outside of these values were apparent (Fig. 5.2). At the base of the
tidal flat, marsh edge and inner cores, moisture content fell to just over 20%. The moisture
content then increased from 29.24% to 38.26% in the lowermost three samples (260-270 cm
depth) at the marsh edge site. The marsh edge site had a single low moisture content reading
at 25 cm depth (31.73%), compared to 20 cm depth (45.20%) and 30 cm depth (42.26%).
At the creek edge, the moisture content fell to 25.14% at 30 cm depth, from 25 cm depth
(40.47%), before rising at 30 cm depth (31.24%). A similar, but smaller deviation occurred
in the inner marsh core, at 25 cm depth, where moisture content reduced to 42.77% from
49.33% at 20 cm depth, before rising again to 51.58% at 30 cm depth. Moisture content in the
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Fig. 5.2 Moisture content from core samples on the tidal flat, marsh edge, creek edge and
inner marsh at Tillingham.

inner core was more variable (coefficient of variation = 25.38%; Table 5.1) than at any of the
other three sites (maximum coefficient of variation = 19.64%). While the moisture content
in the core samples was not statistically significantly different between the tidal flat, marsh
edge and creek edge cores, moisture content in the inner core was significantly different from
that in the tidal flat and creek edge cores at the 95% and 99% level, respectively (Table 5.2).

At Warton, moisture content showed a consistent trend between the three cores. For the
uppermost 10-12 cm, moisture content was relatively low (below 10% for all but four of
35 samples), however there was an increase at 3-4 cm depth, from 9.06% to 19.22% and
8.37% to 15.00% for WS3 and WS9, respectively (Fig. 5.3). Moisture content then rose to a
maximum between 15 and 20 cm (24.56-26.65%), before decreasing with depth. Moisture
content was lower at Warton (mean = 14.80%, max = 26.65%) compared to a maximum of
55.31% at Tillingham (Table 5.3). The moisture content in Tillingham and Warton cores was
statistically significantly different to the 99% level (Table 5.2).
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Table 5.1 Summary statistics (mean, standard deviation, coefficient of variation, maximum, minimum and range) of properties of
sediment core samples from the tidal flat, marsh edge, creek and inner sites at Tillingham. All values are rounded to two decimal
places. The number of observations for each site are as follows. Tidal flat = 26, Marsh edge = 54, Creek edge = 50, Inner marsh = 50.

Site Moisture
content (%)

Organic
content (%)

Carbonate
content (%)

Clay (%) Silt (%) Sand (%)

Mean

Tidal flat 43.08 4.84 15.71 24.84 53.94 21.22
Marsh edge 45.46 5.16 17.00 24.24 60.93 14.84
Creek edge 45.48 5.46 16.76 25.53 63.37 11.10
Inner marsh 44.76 5.77 15.84 22.64 56.60 20.76

Standard
deviation

Tidal flat 8.46 1.39 3.55 14.23 15.80 24.28
Marsh edge 6.69 1.86 4.90 8.98 12.31 17.88
Creek edge 5.24 1.10 3.48 10.12 8.03 10.09
Inner marsh 11.36 2.90 4.91 9.73 19.26 28.50

Coefficient
of variation

Tidal flat 19.64 28.65 22.62 57.29 29.28 114.39
Marsh edge 14.73 35.96 28.81 35.05 20.20 120.51
Creek edge 11.52 34.02 20.78 39.66 12.67 90.94
Inner marsh 25.38 50.29 31.00 42.96 34.03 137.29

Maximum

Tidal flat 51.56 6.83 20.40 72.22 67.98 78.49
Marsh edge 55.31 10.98 29.12 43.85 75.29 88.84
Creek edge 53.78 7.88 24.32 57.84 72.01 48.19
Inner marsh 54.77 14.36 24.10 35.86 72.80 85.18

Minimum

Tidal flat 25.91 2.08 8.42 1.60 19.92 0.11
Marsh edge 23.94 1.00 7.73 1.09 9.85 2.02
Creek edge 25.15 1.99 9.85 7.72 42.16 0.00
Inner marsh 21.43 1.01 5.28 2.51 12.31 1.87

Range

Tidal flat 25.65 4.75 11.98 70.63 48.06 78.37
Marsh edge 31.38 9.98 21.39 42.76 65.44 86.82
Creek edge 28.63 5.88 14.47 50.12 29.85 48.19
Inner marsh 33.34 13.35 18.81 33.35 60.48 83.31
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Table 5.2 P-values from Kruskal-Wallis test on all core data from Tillingham, as well as
the RESIST marsh edge cores at Warton. Values in bold (p < 0.05) denote a statistically
significant difference at the 95% level between the datasets. Values are rounded to three
decimal places except for those where p < 0.001.

Moisture
content (%)

Organic
content
(%)

Carbonate
content (%)

Clay
(%)

Silt (%) Sand (%)

Tidal flat vs
Marsh edge

0.441 0.674 0.417 0.845 0.036 0.813

Tidal flat vs
Creek edge

0.615 0.136 0.669 0.525 0.001 0.341

Tidal flat vs
Inner marsh

0.019 0.042 0.895 0.547 0.029 0.171

Marsh edge vs
Creek edge

0.827 0.166 0.819 0.630 0.304 0.458

Marsh edge vs
Inner marsh

0.052 0.088 0.266 0.896 0.902 0.105

Creek edge vs
Inner marsh

0.003 0.128 0.292 0.321 0.469 0.478

Tillingham vs
Warton

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Organic matter, as measured by LOI, fluctuated between 1.99% and 14.36% in the upper
part of each Tillingham marsh core (marsh edge, creek edge and inner marsh; <50 cm depth),
but then decreased with depth (Fig. 5.4). Organic matter contents in the tidal flat core were
less variable in the uppermost 50 cm and only fluctuated between 3.86 and 5.63%. In the
tidal flat, marsh edge and inner cores, the organic matter fell to very low values (<3%) at the
base of the core. In general, organic matter decreased with depth in the cores on the marsh,
although this was not the case on the tidal flat. As with moisture content, organic matter was
more variable in the inner core (coefficient of variation = 50.29%; Table 5.1) than at any of
the other three sites. Although there was no difference in organic matter between most sites
at Tillingham, the tidal flat and inner marsh were statistically significantly different at the
95% level (Table 5.2).

At Warton, organic matter followed a similar trend to that of moisture content within the
cores. Organic matter was low in the uppermost 10-12 cm, where values were below 2.63%,
although an increase occurred at 2-4 cm depth (Fig. 5.5). Organic matter then increased
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Fig. 5.3 Moisture content from cores WS3, WS6 and WS9 at Warton (all at the marsh edge),
taken and analysed by the RESIST project team.

Table 5.3 Summary statistics (mean, standard deviation, coefficient of variation, maximum,
minimum and range) of properties of sediment core samples taken for the RESIST project
from the marsh edge at Warton. All values are rounded to two decimal places.

Moisture
content (%)

Organic
content (%)

Carbonate
content (%)

Clay (%) Silt (%) Sand (%)

Mean 14.80 2.06 6.15 1.95 36.86 61.19

Standard
deviation

5.56 0.93 2.17 1.10 7.74 8.67

Coefficient
of variation

37.56 45.08 35.38 56.32 20.99 14.17

Maximum 26.65 4.77 24.04 5.73 51.64 100.00

Minimum 0.25 0.54 2.72 0.00 0.00 42.63

Range 26.40 4.24 21.32 5.73 51.64 57.37
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Fig. 5.4 Organic matter content, as determined from LOI from core samples from the tidal
flat, marsh edge, creek edge and inner marsh at Tillingham.

Fig. 5.5 Organic matter content, as determined from LOI from cores WS3, WS6 and WS9 at
Warton, taken and analysed by the RESIST project team.
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to a maximum of 3.95-4.77% at 16-20 cm depth, before gradually reducing with depth
(Fig. 5.5). The organic matter at Warton was considerably lower than at Tillingham, did not
exceed 4.77% and had a mean of 2.06%, compared to means of 4.84-5.77% at Tillingham
(Tables 5.1 and 5.3). The difference in the distributions of organic matter in the core samples
at Tillingham and Warton were statistically significantly different at the 99% level (Table 5.2).

Carbonate content varied between 5.28% and 29.12% in the Tillingham cores, however
there was no consistent trend downcore (Fig. 5.6). In the tidal flat, marsh edge and inner
marsh cores, the carbonate content fell from values of over approximately 20% to 8-10% at
the base of the core, coincident with the reduction in organic matter. There was no statistical
difference between carbonate content at any of the four sites at Tillingham (Table 5.2),
although the coefficient of variation was higher at the inner marsh (31.00%) and marsh edge
(28.81%) than at the creek edge (20.78%) and tidal flat (22.62%).

Carbonate content in the Warton core samples was between 2.72% and 24.04%, but
decreased gradually downcore in all three cores (Fig. 5.7). The carbonate content at Warton
was statistically significantly different from the Tillingham core samples at the 99% level
(Table 5.2).

Fig. 5.8 demonstrates that there was very little difference in the interquartile range (IQR)
for moisture content, organic matter and carbonate content between the four core sampling
sites at Tillingham. A similar graph was not produced for Warton as the samples were
from the RESIST project and not this study. Based on the bulk and index samples from
Tillingham and Warton, moisture content, organic matter and carbonate content were all
higher at Tillingham (means of 43.45%, 5.62% and 15.07%, respectively) than at Warton
(means of 18.83%, 1.76% and 7.94%, respectively; Fig. 5.9). Based on results from the
Kruskal-Wallis test, the bulk sample distributions for all variables between Tillingham and
Warton were statistically significantly different at the 99% level (Table 5.4). This agrees with
the same tests on the core data, for which there were more observations.
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Fig. 5.6 Carbonate content from cores on the tidal flat, marsh edge, creek edge and inner
marsh at Tillingham.

Fig. 5.7 Carbonate content from core samples at Warton, taken and analysed by the RESIST
project team.
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Fig. 5.8 Violinplots of all data measured from Tillingham cores. The line in the centre of the sample denotes the range of data, while
the thicker central section of this line denotes the interquartile range. The shape of the ‘violin’ is a kernel density plot of the data
distribution, which includes any data points treated as outliers in the centreline (such outliers are located where there is no centreline,
but there is still a kernel density estimate). Data is plotted using a bandwidth of 0.25 for the kernel density distribution, and is trimmed
to only extend to the maximum and minimum limits of the data. The number of data points for each sample location is as follows.
Tidal Flat: n = 26, Marsh Edge: n = 54, Creek Edge: n = 50, Inner Marsh: n = 50.
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Fig. 5.9 Boxplots for all bulk samples or index samples (i.e. those taken from the trimmings for geotechnical tests) from Tillingham
and Warton, overlain with the individual points. The horizontal lines on the box denote the quartiles of the distribution, while the
whiskers denote the range. Any points located outside of the box and whisker area were treated as outliers.
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Table 5.4 P-values from Kruskal-Wallis test on water, organic, carbonate, root, clay, silt and
sand content and particle density from bulk samples at Tillingham compared to Warton, as
well as the mean shear vane, torvane and CSM (using both the 50% and the 90% threshold).
Values in bold (p < 0.05) denote a statistically significant difference at the 95% level between
the datasets at Tillingham and at Warton. Values are rounded to three decimal places, except
for where the p-value was <0.001.

p-value

Moisture content (%) <0.001

Organic content (%) <0.001

Carbonate content (%) <0.001

Root mass (% dry mass) 0.005

Particle density (g/cm3) 0.007

Clay (%) <0.001

Silt (%) <0.001

Sand (%) <0.001

Undrained shear strength (Torvane; kPa) 0.002

Undrained shear strength (Shear vane; kPa) <0.001

Shear vane minus Torvane <0.001

Erosion threshold (90%; kPa) 0.010

Erosion threshold (50%; kPa) 0.005

Based on the bulk samples, moisture content, organic matter and carbonate content were
all lower at Warton than at Tillingham for each equivalent sample (Fig. 5.10). Moisture
content and organic matter showed little trend with depth at all four sites at both Tillingham
and Warton. However carbonate content decreased at both marsh edge sites from 15.01%
to 10.50% (Tillingham) and from 7.64% to 4.40% (Warton) between 0 and 20 cm depth,
before increasing again to 15.88% (Tillingham) or 8.80% (Warton) at 50 cm depth (Fig. 5.10).
Although the number of bulk samples was too small to allow for testing the significance of
any differences in properties between sites in a given marsh, it was visually apparent that the
differences between Tillingham and Warton were greater than between individual sampling
locations (Fig. 5.9).
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Fig. 5.10 Moisture content (a), organic matter (b) and carbonate content (c) from the bulk
samples at Tillingham (black line) and Warton (red line).
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5.3.2 Particle size analysis

Throughout the Tillingham cores, the sediment was composed primarily of silt (approxi-
mately 50-70%), with a secondary clay component (approximately 10-30%) and less sand
(approximately 0-15%) (Fig. 5.11). Particle size distributions varied between samples within
a core but showed no consistent trend downcore. However, at the base of the tidal flat, marsh
edge and inner marsh cores, there was a marked increase in sand (to 78.49%, 88.84% and
77.81%, respectively) and decrease in clay (to 1.60%, 1.09% and 3.59%, respectively). This
coincided with the observed decrease in organic matter and carbonate content at depth. The
marsh edge and creek edge core sequences contained samples with a larger sand fraction,
however these were less apparent in the tidal flat and inner marsh cores. The uppermost tidal
flat samples (<10 cm depth) had a larger sand fraction (>33.48%) and smaller clay fraction

Fig. 5.11 Particle size analysis data from cores on the tidal flat, marsh edge, creek edge and
inner marsh at Tillingham. The graphs depict the cumulative percentage of clay (<3.9 µm;
black shading), clay and silt (<63 µm; dark gray shading), and clay, silt and sand (up to the
latter amounting to 100%; light gray shading).
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(<14.39%) compared to the samples below (at 10-70 cm depth), where sand did not exceed
7.59% and clay did not fall below 25.36%.

The clay, silt and sand content of the core samples at each of the four sites at Tillingham
had little difference in their means and IQR (Fig. 5.8), and there was no significant difference
in clay or sand content at the four sites (Table 5.2). There was likewise no significant
difference between the silt content at each of the three marsh sites, but there was a significant
difference (to the 95% level) between silt content on the tidal flat and at each marsh site
(Table 5.2). The sand and silt contents at the creek edge had a lower range than at the other
three sites and the IQR for clay was smallest at the creek site.

At Warton, the cores were composed primarily of sand (generally 55-65%), with a
secondary silt component (usually 30-40%) and a small clay fraction (generally less than 5%;
Fig. 5.12). The relative size of each fraction varied within the core. The sand fraction was

Fig. 5.12 Particle size analysis data from cores at Warton, taken and analysed by the RESIST
team. The graphs depict the cumulative percentage of clay (<3.9 µm; black shading), clay
and silt (<63 µm; dark gray shading), and clay, silt and sand (up to the latter amounting to
100%; light gray shading).
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higher in the uppermost 10-12 cm of the core (60-75% sand), then decreased between 13 and
18 cm depth (to 54.15-58.97%), then slowly increased with depth. The sand fraction at Warton
was consistently higher (42.63-100.00%) than at Tillingham (0.00-88.84%), while the clay
fraction was consistently lower at Warton (0.00-5.73%) than at Tillingham (1.09-72.22%).
The differences in distributions of clay, silt and sand between samples from Tillingham and
Warton cores were statistically significant at the 99% level (Table 5.2).

Based on the bulk samples taken from each site, the particle size distribution at Tillingham
and Warton was markedly different (Fig. 5.13) and was significantly different at the 99%
level (Table 5.4). The distribution at Tillingham was platykurtic to mesokurtic (kurtosis
= 0.79-0.91), while the distribution at Warton was very leptokurtic (kurtosis = 1.89-2.03;
Table 5.5). At Tillingham, the marsh edge, creek and inner sites (hereafter ‘marsh sites’) had
a higher median grain size (D50 = 10.74-23.12 µm) than the tidal flat site (D50 = 9.06 µm;
Table 5.5). In contrast, the marsh sites at Warton (D50 = 56.28-69.98 µm) had a lower D50

Fig. 5.13 Average particle size distribution for all bulk samples taken from the tidal flat,
marsh edge, creek and inner sites at both Tillingham and Warton.
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than the tidal flat site (D50 = 82.68 µm). At both marshes the creek and inner sites had a
lower D50 than the samples from the marsh edge site. The median grain size (D50) and the
coefficient of curvature (Cz) was higher at Warton than at Tillingham, whereas the uniformity
coefficient (Uc) was higher at Tillingham than at Warton (Table 5.5).

These differences between Tillingham and Warton were corroborated by the bulk and
index samples from each site (Fig. 5.9). Tillingham had a greater clay content (mean =
17.57%) than at Warton (mean = 4.38%). The mean silt content at Tillingham was slightly
higher (mean = 52.47%) compared to Warton (mean = 38.19%). Warton had a higher sand
content than Tillingham (means of 57.43% and 29.96%, respectively).

Table 5.5 Table of D50, Uc and Cz values calculated for bulk samples. Only the bulk samples
were used, as the number of samples for each marsh, and each site within each marsh, were
the same (n = 15 and n = 3, respectively). This helped to present bias towards individual sites.
D50, Uc and Cz values were calculated in Python, but the kurtosis value and description were
taken from Gradistat, a Microsoft Excel spreadsheet package developed by Blott and Pye
(2001).

Marsh Site D50
(µm)

Uc Cz Kurtosis Kurtosis
(description)

Tillingham Tidal flat, 0-30 cm 9.06 10.72 1.01 0.91 Mesokurtic
Marsh edge, 0-30 cm 18.68 14.41 0.62 0.85 Platykurtic
Marsh edge, 30-60
cm

23.12 19.75 0.52 0.87 Platykurtic

Creek edge, 0-30 cm 10.74 9.48 0.70 0.79 Platykurtic
Inner marsh, 0-30 cm 14.02 11.32 0.64 0.89 Platykurtic
Tillingham Average 13.60 11.54 0.70 0.87 Platykurtic

Warton Tidal flat, 0-30 cm 82.68 2.01 1.08 2.03 Very leptokurtic
Marsh edge, 0-30 cm 69.68 2.53 1.19 1.89 Very leptokurtic
Marsh edge, 30-60
cm

61.20 3.17 1.37 2.03 Very leptokurtic

Creek edge, 0-30 cm 56.28 10.47 3.76 1.92 Very leptokurtic
Inner marsh, 0-30 cm 56.94 10.06 3.66 1.91 Very leptokurtic
Warton Average 65.60 5.89 2.48 1.97 Very

leptokurtic
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5.3.3 Root mass content

Root mass content (as a percentage of the dry sample mass) was higher and more variable at
Tillingham (standard deviation = 0.61%) than it was at Warton (standard deviation = 0.30%;
Table 5.6 and Fig. 5.14). This difference in sample distribution was statistically significant
at the 99% level (Table 5.4). While root mass at Warton decreased clearly with depth, the
change in root mass was less consistent with depth at Tillingham, particularly at the marsh
edge (Figs. 5.15 & 5.16b). There appeared to be little difference in root mass content between
the three sites (marsh edge, creek edge and inner marsh; Fig. 5.16a).

Table 5.6 Summary statistics (mean, standard deviation, coefficient of variation, maximum,
minimum and range) of root mass measurements. All values are rounded to two decimal
places.

Tillingham Warton

Marsh
edge

Creek
edge

Inner
marsh

All Marsh
edge

Creek
edge

Inner
marsh

All

Mean (% dry
mass)

0.88 0.44 0.91 0.78 0.31 0.19 0.10 0.23

Standard
deviation (%
dry mass)

0.59 0.31 0.93 0.61 0.39 0.23 0.13 0.30

Coefficient of
variation

67.34 71.16 101.23 78.61 126.55 115.66 133.26 131.33

Maximum (%
dry mass)

1.78 0.80 1.95 1.95 0.96 0.45 0.25 0.96

Minimum (%
dry mass)

0.34 0.23 0.16 0.16 0.01 0.04 0.00 0.00

Range (% dry
mass)

1.44 0.58 1.79 1.79 0.95 0.41 0.25 0.96
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Fig. 5.14 Boxplot of root mass measurements (as % dry mass) from Tillingham and Warton.
The horizontal lines on the box denote the quartiles of the distribution, while the whiskers
denote the range. Points are outliers. Sub-samples were taken from the bulk samples.

Fig. 5.15 Root mass variation with depth at both Tillingham and Warton. Samples are plotted
as the depth of the upper limit of the sample (e.g. 0-10 cm sample is plotted at 0 cm).



184
R

esults

Fig. 5.16 Distribution of root mass content by location (Tillingham vs Warton) and site (marsh edge, inner or creek; A). Distribution of
root mass content by depth of sample below the surface and location (Tillingham vs Warton; B).
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5.3.4 Particle density

Particle density is given in g/cm3, as this is numerically the same, but easier to comprehend
than Mg/m3 (the British Standard Unit for particle density). Particle density was higher at
Tillingham than at Warton (statistically significant to the 95% level; Table 5.4), and was
also more variable (Fig. 5.17). While the particle density at <20 cm depth at Tillingham
was variable (2.61-2.71 g/cm3), it became less variable below this depth, where there was
an overall increase in particle density (Fig. 5.18). The Tillingham tidal flat samples showed
very little variation, with a standard deviation of 0.00591 g/cm3 and a range of 0.0103 g/cm3

(Table 5.7). The marsh edge samples plotted in the middle-to-upper end of the overall
range at Tillingham, with a minimum of 2.68 g/cm3 and maximum of 2.74 g/cm3, while the
creek samples did not exceed 2.70 g/cm3 (Fig. 5.19). At Warton, the particle density had
minimum and maximum values of 2.65 g/cm3 and 2.69 g/cm3, respectively (Table 5.7). The
standard deviation at Warton (0.00989 g/cm3) was lower than at Tillingham (0.03440 g/cm3).
At Warton, the marsh edge and creek samples all plotted in the lower part of the Warton
distribution (Fig. 5.19).

Table 5.7 Summary statistics (mean, standard deviation, coefficient of variation, maximum,
minimum and range) of particle density measurements. All values are rounded to two
decimal places, except for the standard deviation and range values, which are rounded to
three significant figures, owing to the small values.

Tillingham Warton

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

All Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

All

Mean
(g/cm3)

2.70 2.70 2.65 2.69 2.69 2.68 2.66 2.66 2.67 2.67

Standard
deviation
(g/cm3)

0.00591 0.0252 0.0438 0.0400 0.0344 0.0100 0.00480 0.00413 0.0135 0.00989

Coefficient
of variation

0.22 0.93 1.65 1.49 1.28 0.38 0.18 0.16 0.50 0.37

Maximum
(g/cm3)

2.71 2.74 2.69 2.72 2.74 2.69 2.66 2.67 2.68 2.69

Minimum
(g/cm3)

2.70 2.68 2.61 2.65 2.61 2.67 2.65 2.66 2.66 2.65

Range
(g/cm3)

0.0103 0.0676 0.0875 0.0749 0.136 0.0195 0.0126 0.0826 0.0235 0.0346
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Fig. 5.17 Boxplot of particle density measurements from Tillingham and Warton. The
horizontal lines on the box denote the quartiles of the distribution, while the whiskers denote
the range. Points are outliers. Samples were taken from the bulk samples.

Fig. 5.18 Particle density variation with depth, at both Tillingham and Warton. Samples are
plotted as the depth of the upper limit of the sample (e.g. 0-10 cm sample is plotted at 0 cm).
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Fig. 5.19 Distribution of particle density by location (Tillingham vs Warton) and site (marsh edge, inner or creek; A). Distribution of
particle density by depth of sample below the surface and location (Tillingham vs Warton; B).
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5.3.5 Clay mineralogy

The clay fraction at all sites at both Tillingham and Warton was predominantly composed of
mica, with smaller portions of kaolinite, chlorite and smectite (Figs. 5.20 & 5.21, Table 5.8).
The tidal flat trace from Warton was unfortunately too poor for semi-quantitative analysis,
however there was a visible presence of mica, chlorite and/or kaolinite, as well as some
quartz in the trace. The poor trace could have been caused by the low clay fraction (4.21%)
combined with the presence of organic matter, which resulted in a heavily diluted clay
fraction. The organic matter may also have resulted in poorly laminated clay platelets, so
there may have been issues with diffraction.

At Tillingham marsh, the clay fraction was composed primarily of mica (59-61%), with a
secondary component of smectite (17-21%), followed by smaller components of kaolinite
(11-13%) and chlorite (9%). On the tidal flat, mica (68%) was a larger constituent than on
the marsh (59-62%), while smectite on the tidal flat (10%) was considerably lower than on
the marsh (17-22%). The smectite component increased from seaward (10%; tidal flat) to
landward (21%; inner marsh). Given the higher clay component in the Tillingham sediment
(see section 5.3.2), each clay mineral constituted a larger percentage of the total sediment than
at Warton (Fig. 5.20). However, there was very little difference between sites at Tillingham
in the contribution of each clay mineral to the total sediment.

Warton marsh edge had a particularly high mica component (74%) of the clay fraction,
however no smectite was present (Fig. 5.20). The kaolinite content (13%) was comparable to
the marsh edge at Tillingham (13%) but was lower than the creek (11%) and inner (10%)
samples from Warton. The chlorite content (13%) was higher than at any other sampling
location at either Tillingham or Warton. The creek and inner samples had a dominant mica
component (60-65%), a secondary smectite component (13-18%), and finally smaller portions
of chlorite (11%) and kaolinite (10-11%). As a percentage of the total sediment, all four of
the clay minerals became more important with distance landward, reflecting the increasing
clay content with distance landwards, rather than any differences in clay mineralogy between
the sites. All raw clay mineralogy traces are displayed in Appendix F.
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Fig. 5.20 Individual clay minerals (kaolinite, chlorite, mica and smectite), as a percentage of the clay fraction (A) and overall sediment
composition (B). Note y-axis scale difference between A and B
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Fig. 5.21 Individual clay minerals (kaolinite, chlorite, mica and smectite), as a percentage of the clay fraction for Tillingham (a) and
Warton (b).
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Table 5.8 Clay mineralogy for all locations at Tillingham and Warton, denoted as % total
clay content, and % total sediment (accounting for the size of the clay fraction). All values
are rounded to the nearest integer, given the semi-quantitative nature of the method. Average
values are based on the average of the non-rounded data, then rounded after averaging.

Marsh Location
% Total clay content % Total sediment content

Kaolinite
(%)

Chlorite
(%)

Mica
(%)

Smectite
(%)

Kaolinite
(%)

Chlorite
(%)

Mica
(%)

Smectite
(%)

Tillingham Tidal flat 13 9 68 10 3 2 14 2

Marsh
edge

13 9 61 17 3 2 15 4

Creek
edge

12 9 61 18 3 2 15 4

Inner
marsh

11 9 59 21 3 2 15 5

Average 12 9 62 16 3 2 15 4

Warton Tidal flat N/A N/A N/A N/A N/A N/A N/A N/A

Marsh
edge

13 13 74 0 0 0 2 0

Creek
edge

11 11 60 18 1 1 6 1

Inner
marsh

10 11 65 13 1 1 6 1

Average 11 12 67 10 1 1 4 1

5.4 Bulk substrate behaviour

5.4.1 Shear box tests

Stress-strain curves indicate that the substrate at both Tillingham and Warton exhibited
elasto-plastic behaviour (Figs. 5.22 & 5.23). This was the case for both the marsh edge
sites (surface and at depth; Figs. 5.22 & 5.23a/b) and the tidal flat sites (Figs. 5.22 & 5.23c).
Mohr-Coulomb failure envelopes from the shear box tests denote a low cohesional component
of shear strength (c′) at both sites, with all c′ values remaining below 7.0 kPa (Table 5.9).
At both Tillingham and Warton, c′ was lower on the tidal flat than at either depth at the
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Fig. 5.22 Stress-strain curves for Tillingham shear box samples from the marsh edge at 0-30
cm depth (a) and 30-60 cm depth (b) and the tidal flat at 0-30 cm depth (c), under 10 kPa, 20
kPa and 40 kPa normal stress. The respective Mohr-Coulomb failure envelope (d-f) allowed
quantification of the effective angle of shearing resistance (ϕ ′) and cohesive strength (c′) of
the material.
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Fig. 5.23 Stress-strain curves for Warton shear box samples from the marsh edge at 0-30 cm
depth (a) and 30-60 cm depth (b) and the tidal flat at 0-30 cm depth (c), under 10 kPa, 20
kPa and 40 kPa normal stress. The respective Mohr-Coulomb failure envelope (d-f) allowed
quantification of the effective angle of shearing resistance (ϕ ′) and cohesive strength (c′) of
the material.
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Table 5.9 Angle of internal friction (ϕ ′; ◦), cohesional component of strength (c′; kPa) and
residual angle of internal friction (ϕ r

′; ◦), as determined by shear box and ring shear tests.
The difference between the angle of internal friction and the residual angle of internal friction
(ϕ ′ - ϕ r

′; ◦) is also shown. All values are rounded to one decimal place.

Tillingham Warton

Marsh
edge, 0 -
30 cm

Marsh
edge, 30
- 60 cm

Tidal
flat, 0 -
30 cm

Marsh
edge, 0 -
30 cm

Marsh
edge, 30
- 60 cm

Tidal
flat, 0 -
30 cm

Angle of internal
friction (◦)

35.3 29.9 36.1 43.5 36.1 33.4

Cohesional strength
component (kPa)

2.1 5.7 0 6.6 6.8 2.9

Residual angle of
internal friction (◦)

29.4 29.2 32.4 31.2 32.3 29.2

Change in angle of
internal friction (◦)

5.9 0.7 3.7 12.3 3.8 4.2

marsh edge (0-30 cm or 30-60 cm). The peak effective angle of shearing resistance (ϕ ′) was
higher at Warton than Tillingham for all marsh locations, ranging between 29.9◦ and 35.3◦ at
Tillingham, but between 36.1◦ and 43.5◦ at Warton (Table 5.9).

5.4.2 Ring shear tests

The force-strain curves for the ring shear tests at Tillingham demonstrate elasto-plastic
behaviour, with a fairly slow increase in strain produced as the stress was initially applied,
but then the rate of strain increase slowed over time, eventually levelling off (Figs. 5.24, 5.25
& 5.26). At Warton, the behaviour was slightly different, with the samples reaching a peak
stress at 0.5% strain, before the stress dropped off as strain increased (based on the average
of the two load rings; Figs. 5.24, 5.25 & 5.26). While the Tillingham samples consolidated
throughout each stage of the test, the Warton samples initially dilated until up to 0.5% strain
and then consolidated for the remainder of the test. The strain produced on the Warton
samples was an order of magnitude higher than at Tillingham, and this was a result of the
Warton samples being sheared an order of magnitude faster (0.053 Degrees/minute at Warton,
compared to 0.005-0.008 Degrees/minute at Tillingham).
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Fig. 5.24 Force-strain curves for ring shear samples taken from the marsh edge (0-30 cm
depth) at Tillingham (a-c) and Warton (d-f) under normal stresses of 14.4 kPa (a/d), 26.6 kPa
(b/e) and 51.1 kPa (c/f). Note difference in x-axis and y-axis scale between plots.
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Fig. 5.25 Force-strain curves for ring shear samples taken from the marsh edge (30-60 cm
depth) at Tillingham (a-c) and Warton (d-f) under normal stresses of 14.4 kPa (a/d), 26.6 kPa
(b/e) and 51.1 kPa (c/f). Note difference in x-axis and y-axis scale between plots.
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Fig. 5.26 Force-strain curves for ring shear samples taken from the tidal flat (0-30 cm depth)
at Tillingham (a-c) and Warton (d-f) under normal stresses of 14.4 kPa (a/d), 26.6 kPa (b/e)
and 51.1 kPa (c/f). Note difference in x-axis and y-axis scale between plots.
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The Mohr-Coulomb failure envelopes for the ring shear tests indicate that the residual
angle of effective shearing resistance (ϕ r

′) was lower than ϕ ′ at all sites (Table 5.10), as
visualised in Fig. 5.27 by the shallower gradient of the ring shear failure envelopes, compared
to the equivalent shear box test. At both sites, the difference between ϕ ′ and ϕ r

′ was greatest
at 0-30 cm depth at the marsh edge site (Fig. 5.27), and the difference was greater at Warton
marsh edge (0-30 cm depth) than at Tillingham (Fig. 5.27d). For all equivalent sites, there
was a greater difference between ϕ ′ and ϕ r

′ at Warton than at Tillingham. At Tillingham,
ϕ r

′ was noticeably different on the tidal flat compared to the marsh edge sites, as denoted
by the steeper line gradient for the tidal flat sites (gradient = 0.64) compared to the marsh
edge (gradient = 0.56) in Fig. 5.28a/c. At Warton there was a reduction in the effective
angle of shearing resistance from the marsh edge surface (0-30 cm depth), through to the
marsh edge at depth (30-60 cm depth), and then finally the tidal flat surface (0-30 cm depth)
(Fig. 5.28b). The creek edge and inner marsh sites at Warton both had comparable ϕ r

′ values,
of 29.1◦ and 29.9◦, respectively (Table 5.10). The back of the marsh had a larger ϕ r

′, of
32.2◦ (Table 5.10). The graphs from the creek edge, inner marsh and back of the marsh are
all located in Appendix G.

The failure criterion graphs represent the maximum stress which the soil could withstand,
for a range of normal stresses. Using the shear box test, for a given normal stress at Warton,
the marsh surface (0-30 cm depth) substrate could withstand a higher shear stress than
the marsh at 30-60 cm depth, which could in turn withstand a higher shear stress than the
tidal flat (Figs. 5.27 & 5.28). Using the ring shear tests at Warton, the tidal flat could still
withstand a lower shear stress for a given normal stress than the marsh samples, but the marsh
samples could withstand a similar shear stress. Using the ring shear tests, the Tillingham
tidal flat sample could withstand a greater shear stress for a given normal stress than the
marsh samples, both of which could withstand a similar shear stress when under the same
normal stress. Throughout the range of normal stresses applied in the shear box test, the

Table 5.10 Residual angle of internal friction (ϕ r
′; ◦), as determined by ring shear tests for

the creek edge, inner marsh and rear of marsh sites at Warton. All values are rounded to one
decimal place.

Site Residual angle of internal friction (ϕ r
′; ◦)

Creek edge 29.1

Inner marsh 29.9

Rear of marsh 32.2
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Fig. 5.27 Mohr-Coulomb failure envelopes for shear box and ring shear tests at each site.
Samples from Tillingham are depicted in a-c, while Warton samples are shown in d-f. Note
difference in y-axis scale between Tillingham and Warton plots.
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Fig. 5.28 Mohr-Coulomb failure envelopes for each method (shear box (a/b) or ring shear
(c/d)) at each marsh. Note difference in y-axis scale between plots.
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Warton marsh edge samples had a higher shear strength (by up to circa 15 kPa) than the
equivalent Tillingham samples. However, the shear strength of the samples within the tidal
flat zone from 0 to 30 cm, were comparable to within circa 5 kPa. For the ring shear test,
this difference in strength between the Tillingham and Warton marsh samples was reduced,
with samples from both sites having a comparable shear strength (within circa 5 kPa) for
a given normal stress. As expected, the shear stress which a sample could withstand for a
given normal stress was lower for the residual strength than for the peak strength (Figs. 5.27
& 5.28).

5.4.3 Oedometer tests

The tests which were saturated using saline and distilled water rendered similar results, with
axial displacement at a given time in the two tests remaining within 1 mm of each other
(Fig. 5.29). While the initial void ratio was lower for the sample saturated with distilled
water, the shape of the void ratio-pressure curves for the samples saturated with both distilled
and saline water followed the same path, only being offset by 0.2-0.4 on the vertical axis
(Fig. 5.30). This demonstrated similar behaviour, when saturated using both saline and
distilled water. All graphs following from Fig. 5.30 therefore use distilled water only.

Consolidation curves at Tillingham generally showed very little axial displacement at the
start of each stage, sometimes up until about 3 minutes (approximately 2.2 log10(seconds))
after the stress was initially applied. The consolidation curve then began as usual, albeit
delayed. In each stage, the tidal flat samples consolidated more than the marsh samples, with
the 30-60 cm depth marsh samples consolidating less than the 0-30 cm depth marsh edge
sample (Fig. 5.31).

At Warton, consolidation in each stage occurred extremely rapidly (generally under
five seconds) after the initial stress application, and samples consolidated considerably
less than at Tillingham. After application of the maximum pressure (400 kPa), no Warton
samples produced more than 3 mm of axial displacement, while up to just over 8 mm axial
displacement occurred at Tillingham for the same stress (Fig. 5.32). For each stage, the
greatest consolidation was generally achieved by the samples taken from the marsh edge
at 0-30 cm depth, followed by the tidal flat samples (Fig. 5.32). The least consolidation
occurred with the samples taken from 30-60 cm depth at the marsh edge. Some samples,
such as the first sample from 0-30 cm depth at the marsh edge showed an acceleration in
consolidation towards the end of the consolidation stage (Fig. 5.32a/b).
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Fig. 5.29 Log10Time (where time was in seconds) against axial displacement (mm) for the
Tillingham Marsh Edge 0-30 cm depth samples saturated with saline and distilled water.
Graphs relate to the consolidation stage, and thus the applied shear stress, 12.5 kPa (a), 25
kPa (b), 50 kPa (c), 100 kPa (d), 200 kPa (e) and 400 kPa (f).
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Fig. 5.30 Pressure applied (kPa) against the void ratio (e) at the end of each stage for test
samples taken from Tillingham Marsh Edge (0-30 cm depth), saturated with saline and
distilled water.

The initial void ratio at Tillingham (1.82-2.77) was higher than at Warton (0.98-1.15;
Figs. 5.33 & 5.34). During the test, the void ratio decreased by up to 40% at Tillingham
by the time the maximum stress had been applied (Table 5.11). At Warton, the void ratio
also decreased, but to a lesser extent, reaching a minimum of about 75% of the initial value.
During the unloading part of the test, the Tillingham samples dilated, however the initial
void ratio was not reached with any sample. The void ratio reached 61-67% of its initial
value on the marsh, and 51-57% of its initial value on the tidal flat. The Warton samples
dilated during unloading, with all samples except those from 30-60 cm depth at the marsh
edge returning to their initial void ratio (Fig. 5.34). For the two samples taken at 30-60 cm
depth at the marsh edge, a void ratio of 86-89% of the initial value was attained.

Compared to Tillingham, overburden pressures (the pressure exerted by overlying mate-
rial) were slightly higher for equivalent samples at Warton (Table 5.12). At Warton, the
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Fig. 5.31 Log10 Time (where time was in seconds) against axial displacement (mm) for all
five samples at Tillingham. Graphs relate to the consolidation stage, and thus the applied
shear stress, 12.5 kPa (a), 25 kPa (b), 50 kPa (c), 100 kPa (d), 200 kPa (e) and 400 kPa (f).
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Fig. 5.32 Log10 Time (where time was in seconds) against axial displacement (mm) for all
five samples at Warton. Graphs relate to the consolidation stage, and thus the applied shear
stress, 12.5 kPa (a), 25 kPa (b), 50 kPa (c), 100 kPa (d), 200 kPa (e) and 400 kPa (f). Note
difference in y-axis scale between plots.
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Fig. 5.33 Pressure applied (kPa) against the void ratio (e) at the end of each stage for samples
from Tillingham Marsh Edge 0-30 cm depth (a), 30-60 cm depth (b/c), and Tillingham tidal
flat, 0-30 cm depth (d/e). Note difference in y-axis scale between plots.
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Fig. 5.34 Pressure applied (kPa) against the void ratio (e) at the end of each stage for samples
from Warton Marsh Edge 0-30 cm depth (a/b), 30-60 cm depth (c/d), and Tillingham tidal
flat, 0-30 cm depth (e). Note difference in y-axis scale between plots.
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Table 5.11 The void ratio after application of 400 kPa of pressure, and after unloading to 1 kPa of pressure, as a percentage of the
initial void ratio measured in the test. Percentages are rounded to the nearest integer.

Applied
Pressure
(kPa)

Percentage of initial void ratio (Tillingham) Percentage of initial void ratio (Warton)

Saline Distilled Marsh
edge, 0
- 30 cm

Marsh
edge, 30 -
60 cm (a)

Marsh
edge, 30 -
60 cm (b)

Tidal flat,
0 - 30
cm (a)

Tidal flat,
0 - 30
cm (b)

Marsh
edge, 0 -
30 cm (a)

Marsh
edge, 0 -
30 cm (b)

Marsh
edge, 30 -
60 cm (a)

Marsh
edge, 30 -
60 cm (b)

Tidal
flat, 0 -
30 cm

400 49 53 48 50 57 42 48 76 73 85 81 81

1 62 64 61 62 67 51 57 100 100 89 86 100
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Table 5.12 Overburden pressure, pre-consolidation pressure and overconsolidation ratio (OCR) for oedometer samples. Pre-
consolidation pressure is rounded to the nearest integer, while overburden pressure and OCR are rounded to two decimal places.

Property Tillingham Warton

Saline Distilled Marsh
edge, 0
- 30 cm

Marsh
edge, 30 -
60 cm (a)

Marsh
edge, 30 -
60 cm (b)

Tidal flat,
0 - 30 cm
(a)

Tidal flat,
0 - 30 cm
(b)

Marsh
edge, 0 -
30 cm (a)

Marsh
edge, 0 -
30 cm (b)

Marsh
edge, 30 -
60 cm (a)

Marsh
edge, 30 -
60 cm (b)

Tidal
flat, 0 -
30 cm

Overburden
pressure (kPa)

2.16 2.26 2.04 6.66 6.87 2.33 2.39 2.12 2.27 7.17 7.23 2.77

Pre-
consolidation
pressure (kPa)

21 22 27 21 27 17 18 27 23 65 52 42

OCR 9.73 9.75 13.25 3.15 3.93 7.29 7.54 12.17 10.14 9.07 7.19 15.17
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pre-consolidation pressure (the maximum vertical effective overburden pressure the material
was exposed to in the past) was also higher, particularly at 30-60 cm depth at the marsh edge,
and on the tidal flat. This resulted in a larger OCR at Warton (Table 5.12).

5.4.4 Consistency limits

There was considerable variation in the liquid limit between samples at Tillingham, however
no tests could be undertaken on the samples from Warton, as they were non-plastic. The
lowest liquid limit at Tillingham was at 0-10 cm depth on the tidal flat at 56.72%, while the
highest was at 0-10 cm depth at the marsh edge, at 117.86% (Table 5.13). The lowest and
highest plastic limits came from the same two sites (0-10 cm depth on the tidal flat and 0-10
cm depth at the marsh edge), at 26.16% and 55.29%, respectively. The plasticity index was
greatest at the inner marsh, at 10-20 cm depth (63.84%) and lowest on the tidal flat at 0-10 cm
depth (30.56%). The linear shrinkage of each sample varied between 10.77% and 18.10%,
with these extreme samples pertaining to 0-10 cm depth on the tidal flat and 0-10 cm depth at
the marsh edge, respectively, the same samples which exhibited the lowest and highest liquid
and plastic limits. Based on the plasticity charts (Fig. 5.35), the samples all plotted fairly
close to the A-line, with most exhibiting clay-type behaviour, and some exhibiting silt-type
behaviour. All samples exhibited at least high plasticity, with most samples displaying very
high plasticity. There was no consistent trend in plasticity with depth (Fig. 5.36), although
the tidal flat and inner marsh sites showed some similarity. For these sites, the liquid limit,
plasticity index and linear shrinkage was low at 0-10 cm depth, then increased to 10-20 cm
depth, before falling slightly to 20-30 cm depth. The liquid limit, plastic limit, plasticity
index and linear shrinkage exhibited little variability below the uppermost sample, but all
parameters were considerably higher in the 0-10 cm depth sample. At the creek, all four
of these parameters decreased with depth. The activity at the marsh edge was lower at
0-20 cm depth and at 40-60 cm depth (1.95-2.49), but higher at 20-40 cm depth (4.02-4.59;
Table 5.13).
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Table 5.13 Consistency limits (liquid and plastic), plasticity index, activity and linear shrinkage for Tillingham bulk samples.

Site Depth
(cm)

Natural
moisture
content (%)

Clay
fraction
(%)

Liquid
limit (%)

Plastic
limit (%)

Plasticity
index

Activity Linear
shrinkage
(%)

Tidal flat
0 - 10 39.66 21.05 56.72 26.16 30.56 1.45 10.77
10 - 20 46.15 30.72 76.34 28.14 48.20 1.57 14.28
20 - 30 47.93 27.37 75.81 31.52 44.29 1.62 14.19

Marsh edge
0 - 10 52.70 25.10 117.86 55.29 62.57 2.49 18.10
10 - 20 48.93 21.63 76.70 32.62 44.09 2.04 14.50
20 - 30 42.26 9.17 71.84 35.00 36.84 4.02 14.19
30 - 40 41.72 8.96 72.75 31.60 41.14 4.59 14.58
40 - 50 51.78 24.28 83.35 35.90 47.45 1.95 15.74
50 - 60 48.50 22.88 77.78 31.42 46.36 2.03 14.75

Creek edge
0 - 10 45.45 23.85 104.08 43.84 60.25 2.53 15.72
10 - 20 34.07 37.63 80.47 37.25 43.21 1.15 15.11
20 - 30 33.60 18.25 64.84 24.26 40.58 2.22 12.84

Inner marsh
0 - 10 50.53 26.13 84.27 35.72 48.55 1.86 15.16
10 - 20 55.70 18.19 111.47 47.63 63.84 3.51 17.05
20 - 30 44.19 22.75 97.14 42.38 54.77 2.41 15.20
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Fig. 5.35 Plasticity charts for salt marsh samples taken from the tidal flat (a), marsh edge
(b), creek edge (d) and inner marsh (e) at 0-10 cm, 10-20 cm and 20-30 cm depth, and at
the marsh edge at 30-60 cm depth (c) at Tillingham. The figure is drawn in accordance with
BS 5930 (BSI, 2015) and the letters on the graph break the graph into sections to denote
the behaviour and plasticity of each sample, where C = clay-type behaviour, M = silt-type
behaviour, L = low plasticity, I = intermediate plasticity, H = high plasticity, V = very high
plasticity, E = extremely high plasticity.
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Fig. 5.36 Liquid limit (%), plastic limit (%), plasticity index (%) and linear shrinkage (%)
with depth for the tidal flat, marsh edge, creek edge and inner marsh sites at Tillingham.

The shrinkage limit was higher on the tidal flat at Tillingham (22%) than at the marsh
edge (18% at 0-30 cm depth and 19% at 30-60 cm depth; Fig. 5.37).

The samples from Warton exhibited no shrinkage during drying. For example, the sample
from 30-60 cm depth at the marsh edge dried over the course of the test, demonstrated by the
reduction in both the bulk density and the mass (Fig. 5.38b/e). However, the unit volume
and void ratio did not change during the test (Fig. 5.38a/c). This sample behaved in a similar
way to the other two samples at Warton. The samples from Warton were therefore likely
either extracted at a moisture content below their shrinkage limit or simply do not show any
shrinkage with moisture loss.
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Fig. 5.37 Moisture content vs unit volume graphs used for calculation of the shrinkage limit
for samples taken from Tillingham tidal flat (a), Tillingham marsh edge (0-30 cm; b) and
Tillingham marsh edge (30-60 cm; c). The dashed lines are index lines drawn to calculate
the shrinkage limit. The horizontal line is drawn from the minimum unit volume reached
(after drying overnight at 105◦C) and the diagonal line is drawn through the straight section
of the curve. The moisture content at the point at which the two lines cross, is given as the
shrinkage limit. Note difference in y-axis scale between plots.
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Fig. 5.38 Moisture content vs Unit volume (a), bulk- and dry density (b), void ratio (c) and
degree of saturation (d), as well as time elapsed against mass (e) for the sample taken from
30-60 cm depth at the marsh edge at Warton.
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5.5 Undrained shear strength measurements

Shear vane measurements of undrained shear strength were consistently higher (by 2-3 times
at Tillingham and 4-5 times at Warton) and more variable than those measured by the torvane
(Fig. 5.39). At both field sites and with both methods, the undrained shear strength was
lower on the tidal flat than at any of the marsh sites (Fig. 5.40). A higher undrained shear
strength was recorded at Warton than at Tillingham using both the shear vane and the torvane,
although this was particularly evident when comparing the shear vane measurements. This
difference between the shear vane and torvane distributions at Tillingham and Warton was
statistically significant at the 99% level when using all of the ‘replicates’ (Table 5.14) and
also when using the mean value at each sampling location (Table 5.4). While the standard
deviation was generally higher for shear vane measurements than torvane measurements, the
coefficient of variation was comparable for the two datasets (Tables 5.15 and 5.16).

Table 5.14 P-values from Kruskal-Wallis test on all undrained shear strength measurements
(ten replicates at each sampling depth) and all erosion threshold measurements (three repli-
cates at each sampling depth). The Kruskal-Wallis test assessed differences between the
whole dataset at Tillingham and Warton, as well as differences between sampling sites (tidal
flat, marsh edge, creek edge and inner marsh) at Tillingham and Warton. Values in bold (p <
0.05) denote a statistically significant difference at the 95% level between datasets. Values
are rounded to three decimal places, except for when p < 0.001.

Undrained shear strength CSM Erosion threshold

Shear vane Torvane 90%
threshold

50%
threshold

Tillingham vs Warton <0.001 <0.001 0.001 <0.001

Tillingham

Tidal flat vs Marsh edge <0.001 <0.001 0.001 0.001
Tidal flat vs Creek edge <0.001 <0.001 1.000 0.007
Tidal flat vs Inner marsh <0.001 <0.001 0.018 0.239
Marsh edge vs Creek edge <0.001 0.166 0.303 0.477
Marsh edge vs Inner marsh <0.001 <0.001 0.007 0.016
Creek edge vs Inner marsh <0.001 0.009 0.085 0.058

Warton

Tidal flat vs Marsh edge <0.001 <0.001 0.667 0.159
Tidal flat vs Creek edge <0.001 <0.001 0.014 0.009
Tidal flat vs Inner marsh <0.001 <0.001 0.061 0.043
Marsh edge vs Creek edge 0.006 0.009 <0.001 0.028
Marsh edge vs Inner marsh <0.001 0.074 0.002 0.253
Creek edge vs Inner marsh 0.079 0.772 0.106 0.184



5.5
U

ndrained
shearstrength

m
easurem

ents
217

Fig. 5.39 Boxplots for all undrained shear strength data, subdivided by method (shear vane or torvane) and overlain with the individual
points (where each point represents an individual measurement). The horizontal lines on the box denote the quartiles of the distribution,
while the whiskers denote the range. Any points located outside of the box and whisker area were treated as outliers.Note difference in
y-axis scale between plots.
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Fig. 5.40 Boxplots for all undrained shear strength data, subdivided by the site and overlain with the individual points (where each
point represents an individual measurement). The horizontal lines on the box denote the quartiles of the distribution, while the whiskers
denote the range. Any points located outside of the box and whisker area were treated as outliers. Note difference in y-axis scale
between plots.
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Table 5.15 Summary statistics (mean, standard deviation, coefficient of variation, maximum, minimum and range) of vane measure-
ments of undrained shear strength. All values are rounded to two decimal places.

Torvane Shear vane

Tillingham Warton Tillingham Warton

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Mean
(kPa)

6.36 11.16 11.91 13.41 7.41 14.22 14.97 14.72 11.67 21.75 34.10 26.72 20.13 69.92 64.43 59.60

Standard
deviation
(kPa)

1.45 2.15 2.52 1.74 1.55 1.66 1.51 1.98 1.13 5.08 2.48 4.80 4.59 10.49 11.52 8.90

Coefficient
of
variation

22.81 19.29 21.17 12.95 20.89 11.68 10.11 13.42 9.71 23.35 7.28 17.97 22.80 15.00 17.87 14.93

Maximum
(kPa)

8.43 15.69 16.48 16.87 9.81 17.65 17.85 17.65 13.73 31.38 37.76 34.32 33.83 94.15 90.22 76.49

Minimum
(kPa)

3.92 6.86 5.88 9.81 3.92 10.79 10.59 10.00 9.81 9.32 28.44 19.12 12.26 39.23 47.07 44.13

Range
(kPa)

4.51 8.83 10.59 7.06 5.88 6.86 7.26 7.65 3.92 22.07 9.32 15.20 21.58 54.92 43.15 32.36
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Table 5.16 Summary statistics (mean, standard deviation, coefficient of variation, maximum,
minimum and range) of vane measurements of undrained shear strength. All values are
rounded to two decimal places.

Torvane Shear vane

Tillingham Warton All Tillingham Warton All

Mean (kPa) 11.11 13.68 12.58 23.42 59.75 43.46

Standard
deviation (kPa)

3.06 2.93 3.24 8.76 18.37 23.40

Coefficient of
variation

27.51 21.40 25.75 37.39 30.74 53.83

Maximum (kPa) 16.87 17.85 17.85 37.76 90.15 90.15

Minimum (kPa) 3.92 3.92 3.92 9.32 12.26 9.32

Range (kPa) 12.94 13.93 13.93 28.44 81.89 84.83

When using the whole suite of measurements at each depth, there were statistical dif-
ferences between the datasets at the sites within each marsh, and particularly for the shear
vane measurements of undrained shear strength, for which the only two sites which were not
statistically different at the 95% level were the creek edge and inner marsh sites at Warton
(Table 5.14). The creek edge was not statistically different from any of the three of the
other sites at Tillingham, based on the 90% erosion threshold, but this did not carry through
for the other measurements (Table 5.14). At Warton, the creek edge and inner marsh were
statistically different at the 99% level for all four measurement methods (Table 5.14).

Variations with depth at the four sampling sites in each marsh were not consistent.
For both vanes, the undrained shear strength of the sediment decreased with depth at the
Tillingham marsh edge and inner sites, although the creek site was more variable, and strength
even increased with depth on the tidal flat (Fig. 5.41). At Warton, the shear vane-derived
shear strength decreased overall with depth at all three marsh sites, although there was no
discernible change with depth on the tidal flat given the variability of the replicate samples
(Fig. 5.42). It was difficult to discern a trend with depth from the torvane data, given that the
change between samples was small, particularly relative to the variability between replicates
(Fig. 5.42).
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Fig. 5.41 Boxplots for all undrained shear strength data at Tillingham, subdivided by site (one site per subplot) and method, where
dark grey = torvane and light grey = shear vane.

Fig. 5.42 Boxplots for all undrained shear strength data at Warton, subdivided by site (one site per subplot) and method, where dark
grey = torvane and light grey = shear vane.
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In Fig. 5.43a, the undrained shear strength data from the two field sites plot in two
distinct groups on the graph, with the Tillingham samples having considerably lower shear
vane-derived strength, but slightly lower torvane-derived shear strength. A simple linear
regression provided a reasonable fit to the data, with an R2 value of 0.64. This fit was further
improved by taking the logarithm to the base 10 of the shear vane measurements, which
resulted in an R2 value of 0.72 (Fig. 5.43b). By delineating the data by site, but still using a
linear regression (Fig. 5.43c), this improved the fit to give an R2 value of 0.72 at Tillingham
and 0.68 at Warton. To further improve the fit at Warton, the Warton data was regressed
separately using a logarithmic transformation and taking the logarithm to the base 10 of the
shear vane measurements (Fig. 5.43d). This resulted in an R2 value of 0.77.

Fig. 5.43 Scatter plots of mean shear vane strength against mean torvane strength, where each
cross represents the mean of ten shear vane measurements and ten torvane measurements. (a)
denotes a simple linear regression fit through the data, while (b) shows the same data but
where the logarithm to the base 10 was taken of the mean shear vane strength. (c) shows the
same data with a linear regression, but with the Tillingham and Warton data regressed as two
different datasets, while (d) shows just the Warton data, with a logarithmic transformation of
the mean shear vane strength.
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5.6 Erosion threshold measurements

For the CSM, using both 50% and 90% of the initial light transmission as the erosion
threshold produced the same general trend in the erosion thresholds, although the absolute
values were different (Fig. 5.44). In contrast to the undrained shear strength data, the
measured erosion threshold at Tillingham was considerably higher than at Warton (Fig. 5.45;
Table 5.17). This difference in the erosion threshold between Tillingham and Warton was
statistically significant to the 95% level, for both the thresholds at 50% and 90% (Table 5.4).
At Tillingham, the tidal flat had a higher erosion threshold than any of the marsh sites. In
general at Tillingham marsh, the erosion threshold increased with distance inland, and was
lowest at the marsh edge, intermediate at the creek edge and higher on the inner marsh
(Fig. 5.45; Table 5.18). At Warton, the tidal flat had a lower erosion threshold than any of the
marsh sites, and this was true for both erosion thresholds (Fig. 5.45; Table 5.18). The creek
edge had the highest erosion threshold (1.94 N/m2 and 0.89 N/m2), followed by the inner
marsh (1.56 N/m2 and 0.60 N/m2) and finally the marsh edge (1.25 N/m2 and 0.17 N/m2) for
50% and 90% erosion thresholds, respectively (Fig. 5.45; Table 5.18).

Table 5.17 Summary statistics (mean, standard deviation, coefficient of variation, maximum,
minimum and range) of CSM measurements of erosion threshold. All values are rounded to
two decimal places.

50% threshold 90% threshold

Tillingham Warton All Tillingham Warton All

Mean (N/m2) 3.49 1.47 2.37 1.40 0.47 0.88

Standard
deviation (N/m2)

2.32 0.75 1.92 1.42 0.43 1.09

Coefficient of
variation

66.45 50.81 80.95 101.40 92.60 124.45

Maximum (N/m2) 8.32 3.21 8.32 6.21 1.58 6.21

Minimum (N/m2) 0.11 0.05 0.05 0.03 0.01 0.01

Range (N/m2) 8.21 3.16 8.27 6.19 1.57 6.20
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Fig. 5.44 Boxplots for all erosion threshold data, subdivided by the erosion threshold (50% or 90% of the initial transmission value)
and overlain with the individual points (where each point represents an individual measurement). The horizontal lines on the box
denote the quartiles of the distribution, while the whiskers denote the range. Any points located outside of the box and whisker area
were treated as outliers. Note y-axis scale difference between (a) and (b).
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Fig. 5.45 Boxplots for all erosion threshold data, subdivided by the site and overlain with the individual points (where each point
represents an individual measurement). The horizontal lines on the box denote the quartiles of the distribution, while the whiskers
denote the range. Any points located outside of the box and whisker area were treated as outliers. Note y-axis scale difference between
(a) and (b).
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Table 5.18 Summary statistics (mean, standard deviation, coefficient of variation, maximum, minimum and range) of CSM measure-
ments of the erosion threshold. All values are rounded to two decimal places.

50% erosion threshold 90% erosion threshold

Tillingham Warton Tillingham Warton

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Tidal
flat

Marsh
edge

Creek
edge

Inner
marsh

Mean
(N/m2)

6.08 2.04 2.56 4.62 0.57 1.25 1.94 1.56 3.52 0.53 0.89 1.65 0.14 0.17 0.89 0.60

Standard
deviation
(N/m2)

1.58 1.43 1.79 2.31 0.48 0.78 0.54 0.65 1.52 0.75 0.92 0.94 0.20 0.24 0.35 0.38

Coefficient
of
variation

25.97 69.86 70.05 50.11 84.85 62.12 27.74 41.69 43.19 141.10 102.76 57.03 148.30 142.68 38.80 64.05

Maximum
(N/m2)

8.32 4.79 5.56 7.99 1.01 2.45 3.21 2.23 6.21 2.40 2.41 2.98 0.37 0.72 1.58 1.09

Minimum
(N/m2)

4.79 0.11 0.17 1.77 0.06 0.05 1.34 0.36 2.24 0.03 0.03 0.13 0.01 0.01 0.28 0.02

Range
(N/m2)

3.53 4.68 5.39 6.22 0.95 2.40 1.87 1.87 3.98 2.37 2.37 2.86 0.36 0.71 1.29 1.07
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The erosion threshold had a greater spread at Tillingham than Warton, although the spread
was lower when the 90% threshold was used rather than the 50% threshold (Fig. 5.46). This
greater spread in the erosion threshold at Tillingham was further highlighted in Fig. 5.47,
which showed the high spread to be located particularly towards the surface. As a result
of this reduction in range with depth, the erosion threshold seemed to reduce with depth
at Tillingham. The Warton observations showed little trend with depth, although the few
measurements which were taken at 40 cm or 50 cm depth did seem to have a lower erosion
threshold (Fig. 5.47). When delineating the data by site within the marsh, the two notable
outliers at Tillingham for the 90% erosion threshold were located on the tidal flat (Fig. 5.48).
For the 50% erosion threshold, there were two outliers from the Tillingham tidal flat, and
also two from Tillingham inner marsh. At Tillingham, the tidal flat samples generally plotted
within the upper 50% of the erosion threshold values, while at Warton the tidal flat samples
plotted in the lower 50% of the data (Fig. 5.48). It was difficult to discern differences between
the marsh edge, creek edge and inner marsh sites within Tillingham and within Warton. All
CSM raw data graphs are in Appendix H.

Fig. 5.46 Violinplots of all erosion threshold data, subdivided by site (Tillingham or Warton)
for both erosion thresholds (50% or 90% of initial transmission). The centreline of the
plot denotes the range, while the thicker section denotes the IQR. The ‘violin’ shape is a
kernel density plot of the distribution, which includes any data points treated as outliers
in the centreline (such outliers are located where there is no centreline, but there is still a
kernel density estimate). Data is plotted using a bandwidth of 0.25 for the kernel density
distribution, and is trimmed to only extend to the maximum and minimum data limits.
Number of observations at Tillingham = 36 and at Warton = 46. Note difference in y-axis
scale.
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Fig. 5.47 Dotplot to show distribution of the equivalent horizontal shear stress at the erosion threshold as defined by the CSM at
Tillingham and Warton with depth. The left hand side graph shows where the erosion threshold was calculated as 50% of the initial
transmission, while the right hand side graphs denotes where the erosion threshold was 90% of the initial transmission.
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Fig. 5.48 Dotplot to show distribution of the horizontal shear stress applied at the erosion threshold as defined by the CSM at Tillingham
and Warton, by site. The left hand side graph shows where the erosion threshold was calculated as 50% of the initial transmission,
while the right hand side graph denotes where the erosion threshold was calculated as 90% of the initial transmission.
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The distribution of the Suspension Index (Si) values were comparable when using a
critical R2 value of 0.7 and of 0.8 (Fig. 5.49). As such, the data discussed in the remainder
of the thesis uses the critical R2 value of 0.7, as this reduced the number of NaN values in
the dataset (29 NaN values for a required R2 value of 0.7, compared to 48 NaN values for
a required R2 value of 0.8; see Appendix I). The Si indicated the rate of erosion, and this
was lower on the tidal flat (mean <3) than the marsh (mean <5) at Tillingham, but higher
on the tidal flat (mean = 8) than the marsh (mean <5) at Warton (Fig. 5.50). In all cases,
and for both the 50% and the 90% erosion threshold, the Si was lower for respective sites at
Tillingham than at Warton (Fig. 5.50).

Fig. 5.49 Violinplots of the suspension index for all erosion threshold data, subdivided by
location (Tillingham or Warton) and for both erosion thresholds (50% or 90% of initial
transmission value). The line in the centre of the sample denotes the range of data, while the
thicker central section of this line denotes the interquartile range. The shape of the ‘violin’
is a kernel density plot of the data distribution, which includes any data points treated as
outliers in the centreline (such outliers are located where there is no centreline, but there
is still a kernel density estimate). Data is plotted using a bandwidth of 0.25 for the kernel
density distribution, and is trimmed to only extend to the maximum and minimum limits of
the data. The number of observations (n) are displayed next to each violin.
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Fig. 5.50 Boxplots of the suspension index for all erosion threshold data (50% threshold; a, 90% threshold, b), subdivided by the
site. The horizontal lines on the box denote the quartiles of the distribution, while the whiskers denote the range. Any points located
outside of the box and whisker area were treated as outliers. Note difference in y-axis scale between plots.
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5.7 Morphological change

To address Objective 3a, the location of the marsh edge at Tillingham and Warton was
mapped from available aerial imagery. This determined lateral marsh morphological change
over 24 years at Tillingham and 15 years at Warton, and provided an indication of the rate
and variability of marsh edge change. SET measurements were also analysed to determine
both the total surface elevation change on the marsh, and also the relative role of above- and
belowground processes for this elevation change.

5.7.1 Lateral change

The northern and middle sections of the mapped area at Tillingham underwent under 20
m change over the 1992-2016 period, whereas the southernmost 600-700 m underwent
approximately 80 m of retreat between 1992 and 2001 (Fig. 5.51). Overall, the mean
change in marsh edge position at Tillingham was 7.72 ± 5.25 m between 1992 and 2016
(Table 5.19), however the change was highly variable, with retreat of 27.83 ± 5.25 m on
some transects, and progradation of 21.77 ± 5.25 m on others. Warton retreated considerably
more than Tillingham, with a mean retreat of 196.96 ± 1.76 m recorded across all transects
between 2002 and 2017, and both the maximum and minimum change were strongly negative
(Table 5.19). In the most northerly section, only about 100 m retreat occurred between 2002
and 2017, however in the middle section nearly 200 m of retreat occurred in places, most of
which occurred between 2008 and 2017 (Fig. 5.52). In particular, there was noticeable retreat
between 2002 and 2008 on a headland approximately 500 m South of the most northerly
mapped point (Fig. 5.52).

The 250 m section of interest at Tillingham showed under 22.91 m change between 1992
and 2016 in the northernmost 175 m (transects 0-175; Fig. 5.53a). However, there was more
change in the southernmost section, where most retreat occurred between 1992 and 2001.
Shoreline change was most variable in the 1992-2001 period, with some expansion between
transects 40 and 60, while considerable retreat of up to 42.35 m in some locations occurred
from transect 100 to transect 238 (EPR -0.40 to -4.71 m/year). The 2001-2009 period was
stable throughout, with no more than 13.03 m of change occurring at any location. However,
in 2009-2016 some expansion occurred, with expansion of up to 21.00 m occurring between
transect 150 and 238 (EPR of up to 3.00 m/year; Fig. 5.53b).
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Fig. 5.51 Whole mapped section of Tillingham marsh, showing the position of the vegetated
marsh edge in 1992 (dark blue), 2001 (light blue), 2009 (dark red) and 2016 (bright red),
alongside the sampling locations (red dots) and the AMBUR baselines, from which the
shoreline change was calculated for an approximately 250 m section of coastline. The base
imagery displayed is the 2016 aerial photography, with 25 cm resolution. (B) is a close up of
the box in A, showing where the transects, from transect 0 to transect 238, were located.

Table 5.19 Mean, maximum, minimum and range of total change (m) and EPR (m/yr) for all
transects at Tillingham and Warton over the entire measured period at each marsh. Negative
values denote retreat, while positive values denote progradation. Shoreline digitisation errors
were 5.25 m for Tillingham and 1.76 m for Warton (see methods section). All values are
rounded to two decimal places.

Tillingham Warton

Total change
(1992-2016; m)

EPR (m/yr) Total change
(2002-2017; m)

EPR (m/yr)

Mean -7.72 -0.32 -196.96 -13.43

Maximum 21.77 0.91 -181.26 -12.36

Minimum -27.83 -1.16 -211.60 -14.43

Range 49.60 2.07 30.34 2.07
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Fig. 5.52 Whole mapped section of Warton marsh (A), showing the position of the cliffed
marsh edge in 2002 (pink/purple), 2008 (dark red), 2017 (bright red), alongside the sampling
locations (red dots) and the AMBUR baselines, from which the shoreline change was
calculated for an approximately 250 m section of coastline. The baselayer is a LiDAR Digital
Surface Model with 1 m resolution from 2017. (B) is a close up of the box in A, showing
where the transects, from transect 0 to transect 237, were located.

The 250 m area of interest at Warton underwent considerable marsh edge retreat of nearly
200 m throughout the length of its section (Fig. 5.54a). The lower rates of retreat during
this time period occurred in the southernmost section, from transect 160 to 237. Retreat
of circa 9.24-31.41 m occurred between 2002 and 2008, equating to an EPR of 1.69-5.73
m/year (Fig. 5.54b). Between 2008 and 2017 there was a much higher retreat rate, totalling
166.10-183.35 m over the time period, representing an EPR of -18.10 to -19.98 m/year.

5.7.2 Vertical change

At Tillingham, both Surface Elevation Table (SET) 1 and 2 showed an overall increase in
surface elevation between November 2012 and July 2017 (Fig. 5.55), of 36-59 mm and
45-59 mm, respectively. Throughout the monitoring period for SET 1 and 2, the accretion
above the marker horizon followed the surface elevation increase, within errors, implying



5.7 Morphological change 235

Fig. 5.53 Transect number against shoreline change between shoreline tracings at Tillingham
(a), where a negative value denotes retreat, a positive value denotes advance and zero denotes
no change. (b) shows transect number against End Point Rate (m/year). Shoreline change
and End Point Rate over the whole monitoring period (1992-2016) is mapped in dark red, for
comparison with the three individual shorter periods (1992-2001, 2001-2009 and 2009-2016)
in black dashed, black dashed-dotted and black dotted lines, respectively.
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Fig. 5.54 Transect number against shoreline change between shoreline tracings at Warton (a),
where a negative value denotes retreat, a positive value denotes advance and zero denotes
no change. (b) shows transect number against End Point Rate (m/year). Shoreline change
and End Point Rate over the whole monitoring period (2002-2017) is mapped in dark red,
for comparison with the two individual shorter periods (2002-2008 and 2008-2017) in black
dashed and black dashed-dotted lines, respectively.
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that accretion was an important contributor to surface elevation change. The overall accretion
recorded during the monitoring period was 34-49 mm at SET 1 and 41-58 mm at SET 2.
However, there were also time periods, such as between the measurements on 18/12/15 and
11/07/16, when the surface accretion did not seem to account for the whole magnitude of
surface elevation change. While SET 1 and 2 measurements were fairly similar, SET 3 was
noticeably different and no significant change in surface elevation could be discerned, largely
owing to the large bars of variability, particularly in the first measurement. Despite this,
the less variable measurements for the marker horizons highlighted a significant increase in
surface accretion of 35-44 mm (Fig. 5.55). For SET 3, there is greater possibility than for
either SET 1 or 2, that surface accretion at each monitoring period exceeds the magnitude of
surface elevation change.

Fig. 5.55 Marker horizon (dashed red lines; representing vertical surface accretion) and SET
data (solid black lines; representing total elevation change) from Tillingham, where SET 1
(a) is furthest seaward. Error for SETs was calculated based on one standard deviation of
the 9 pin measurements on each of the 4 arms at each SET. Errors for marker horizons were
calculated based on one standard deviation of the four measurements from each of the 3
cores at each SET.
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At Warton, SET 1 and SET 2 nearer the marsh edge had large variability between pins
relative to the signal and therefore recorded no significant change in either vertical accretion
or overall elevation change (Fig. 5.56). Nevertheless, both SET 3 and 4 displayed an increase
in surface elevation, which was tracked, at least partly, by the surface accretion (Fig. 5.56).
Between October 2012 and November 2013, SET 3 recorded an overall increase in surface
elevation of 13-30 mm and vertical accretion of 16-20 mm. SET 4 was similar, indicating an
overall surface elevation increase of 14-18 mm and vertical accretion of 14-17 mm.

Fig. 5.56 Marker horizon (dashed red lines; representing vertical surface accretion) and SET
data (solid black lines; representing total elevation change) from Warton, where SET 1 (a) is
furthest seaward. Errors for SETs were calculated based on one standard deviation of the
9 pin measurements on each of the 4 arms at each SET. Errors for marker horizons were
calculated based on one standard deviation of the four measurements from each of the 3
cores at each SET. Note difference in y-axis scale between plots.

5.8 Testing for relationships between datasets

Correlations between substrate composition and substrate strength or erodibility at Tillingham
were generally poor (Fig. 5.57). The only correlation exceeding 0.5 for shear vane-derived
shear strength was a negative correlation with root content (-0.58). For torvane-derived shear
strength the only correlation exceeding 0.5 was with organic content (0.55). The 50% erosion
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threshold had a correlation coefficient of -0.54 with D50, but all other correlation coefficients
were less than 0.50. The 90% erosion threshold had no correlation coefficients exceeding 0.5.

The correlation matrix at Warton (Fig 5.58) showed stronger correlations than at Till-
ingham. The shear vane-derived shear strength was strongly correlated with variables
representing particle size distribution (correlation ≥ ±0.8), such as silt content, sand con-
tent and D50. There was also a good positive correlation with organic content (0.74) and
root content (0.53). Torvane-derived shear strength was strongly correlated (correlation ≥
±0.8) with the same variables representing particle size distribution) as those which were
correlated to the shear vane-derived shear strength. The torvane-derived shear strength had a
good positive correlation with organic content (0.70) but no apparent correlation with root
content. The erosion threshold (using both the fall in light transmission to 90% and 50%)
demonstrated their strongest correlations with organic content (0.71 and 0.64, respectively).

Fig. 5.57 Correlation matrix of substrate composition against all measures of in situ undrained
shear strength and erodibility at Tillingham. Tiles are coloured based on their Pearson corre-
lation, with black denoting a strong correlation (either positive or negative) and white/light
grey representing weak/no correlation. The exact values for the Pearson correlation are
printed in each tile.
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The 90% erosion threshold had a good correlation with Cz (0.69), Uc (0.67) and clay (0.58).

Fig. 5.58 Correlation matrix of substrate composition against all measures of in situ undrained
shear strength and erodibility at Warton. Tiles are coloured based on their Pearson correlation,
with black denoting a strong correlation (either positive or negative) and white/light grey
representing weak/no correlation. The exact values for the Pearson correlation are printed in
each tile

Neither the 90% or 50% erosion threshold had any relationship with root content (correlation
<0.1).

For each PCA, the initial two principal components explained >70% of the variability
in the dataset, so two principal components were chosen in all cases. For each principal
component, a variable was considered an important contributor to dataset variability if the
loading exceeded pm0.40 (Williams et al., 2010). For the dataset including the shear vane-
derived shear strength, the first two principal components explain 78% of the variance in
the dataset. Principal component 1 separates out Tillingham and Warton, and opposes shear
vane-derived strength with water and organic content (Fig 5.59). Principal component 2
opposes the silt and root content (Table 5.20; Fig 5.59).



5.8
Testing

forrelationships
betw

een
datasets

241
Table 5.20 Loadings (importance) of individual variables for each principal component (PC1=principal component 1; PC2=principal
component 2), for the shear vane-derived undrained shear strength, torvane-derived undrained shear strength, erosion threshold (90%)
and erosion threshold (50%) datasets. Variables whose loadings exceeded ±0.40 were deemed important determinants of the variance
within the dataset and therefore are depicted in bold.

Shear Vane Torvane Erosion threshold (90%) Erosion threshold (50%)

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

Clay (%) 0.33 -0.23 0.36 -0.16 0.36 -0.12 0.36 -0.11
Silt (%) 0.18 -0.44 0.28 -0.34 0.29 -0.22 0.29 -0.21
Sand (%) -0.30 0.37 -0.35 0.27 -0.35 0.18 -0.35 0.18
Water (%) 0.35 0.15 0.36 0.17 0.35 0.26 0.35 0.26
Organics (%) 0.32 0.17 0.34 0.13 0.33 0.18 0.33 0.17
CaCO3 (%) 0.35 -0.03 0.35 -0.01 0.34 -0.01 0.33 -0.01
Roots (%) 0.15 0.48 0.18 0.26 0.17 0.21 0.16 0.21
Particle density (g/cm3) 0.27 0.32 0.07 0.51 0.05 0.62 0.05 0.61
D50 (µm) -0.34 0.28 -0.37 0.20 -0.37 0.14 -0.37 0.14
Uc 0.22 0.31 0.16 0.43 0.13 0.57 0.13 0.58
Cz -0.21 0.13 -0.23 0.06 -0.21 0.15 -0.22 0.17
Shear vane-derived shear
strength (kPa)

-0.34 -0.19 N/A N/A N/A N/A N/A N/A

Torvane-derived shear
strength (kPa)

N/A N/A -0.20 -0.43 N/A N/A N/A N/A

Erosion threshold (90%; m2) N/A N/A N/A N/A 0.30 -0.11 N/A N/A
Erosion threshold (50%; m2) N/A N/A N/A N/A N/A N/A 0.31 -0.11
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Fig. 5.59 PCA biplot for shear vane-derived shear strength. Variable loadings for the PCA
are shown by the black lines and text. The individual data points are shown in black at
Tillingham and red at Warton, with the symbols relating to the location of sampling.

For the dataset including the torvane-derived shear strength, the first two principal
components explain 70% of the dataset variability. Principal component 1 primarily separated
out Tillingham and Warton marsh (Fig 5.60). Principal component 2 opposes particle density
and Uc with torvane-derived shear strength based on the loadings (Table 5.20), but also
opposes torvane-derived shear strength with Uc and root content (Fig 5.60).

When including the erosion threshold, determined by the fall to 90% of initial light
transmission, the first two principal components explain 71% of the dataset variability. The
biplot demonstrates that principal component 1 opposes the critical erosion shear stress with
sand content, Cz and D50, but also that the critical erosion shear stress is closely related to
clay content (Fig 5.61). Principal component 2 is dominated by particle density and Uc based
on the loadings (Table 5.20), however Fig 5.61 highlights that this reflects two outliers from
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Fig. 5.60 PCA biplot for torvane-derived shear strength. Variable loadings for the PCA
are shown by the black lines and text. The individual data points are shown in black at
Tillingham and red at Warton, with the symbols relating to the location of sampling.

Fig. 5.61 PCA biplot for the erosion threshold dataset, using the 90% threshold. Variable
loadings for the PCA are shown by black lines and text. Individual data points are shown in
black at Tillingham and red at Warton, with the symbols reflecting the sampling location.
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Tillingham marsh edge. The PCA including the erosion threshold, determined by the fall to
50% of initial light transmission showed very similar controls on dataset variance as when
the 90% threshold was used (Table 5.20; Fig 5.62).

Fig. 5.62 PCA biplot for the erosion threshold dataset, using 50% as the threshold of
transmission reduction. Variable loadings for the PCA are shown by the black lines and
text. The individual data points are shown in black at Tillingham and red at Warton, with the
symbols relating to the location of sampling.

This chapter has presented data on marsh and tidal flat substrate composition (Objective
1a), geotechnical properties (Objective 1b), in situ substrate strength (Objective 2a) and marsh
morphological change (Objective 3a) at Tillingham and Warton marshes, UK. Chapter 6
discusses how and why the substrate composition and geotechnical properties vary, and how
geotechnical properties may be affected by substrate composition (RQ 1).



Chapter 6

Discussion 1: Characterising salt marsh
substrate composition and geotechnical
properties

6.1 Introduction

This thesis has highlighted considerable within- and between-site variability in substrate
composition, including in particle size distributions, organic content, carbonate content,
root mass content and clay mineralogy (Objective 1a). It provided the first systematic
assessment of the geotechnical properties of salt marsh substrates with contrasting particle
size distributions (Objective 1b). This chapter discusses how and why geotechnical properties
vary, how they are linked to, and also affected by, substrate composition, and how both
substrate composition and geotechnical properties influence the bulk substrate behaviour
in response to applied shear stress (Objective 1c). Understanding these interactions and
linkages will improve our knowledge of substrate resistance to erosion and therefore our
ability to predict marsh substrate stability and to produce projections of marsh edge change
(see Chapter 2).
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6.2 Substrate composition

Chapter 2 demonstrated that the composition of marsh substrates has both a direct and indirect
effect on marsh substrate resistance and erodibility. This section discusses the composition
of salt marsh and tidal flat substrates at both Tillingham and Warton, highlighting similarities
and differences in the composition between the two sites, and within each site. The spatial
variability in composition is assessed both vertically and laterally across the marsh, as each
has a different effect on substrate resistance to erosion (see Chapter 2).

6.2.1 Vertical variability in substrate composition

Understanding the vertical variability in substrate composition is important for understanding
marsh substrate resistance to erosion. As noted in Chapter 2, layers of different particle size
distributions can provide layers of preferential erosion, which can weaken (or strengthen)
the overall sediment column. Distinct changes in particle size or organic matter can occur at
depth, which therefore mean that surface samples in isolation will not encompass the true
variability of substrate properties within the marsh. Marsh composition (and thus resistance
to erosion) cannot therefore be extrapolated from surface samples alone, but rather needs to
be built up as a 3D model.

6.2.1.1 Tillingham

Vertical variability in substrate composition at Tillingham likely reflected past hydrodynamic
conditions or depositional environments. The two main downcore differences in sediment
composition were: (1) a reduction in moisture content, total organic matter content, carbonate
content and an increase in sand content at the base of the cores and (2) layers of increased
sand content within the core.

At the base of the tidal flat, marsh edge and inner marsh cores extracted at Tilling-
ham, a reduction in moisture content, total organic matter content and carbonate content
(Figs. 5.2, 5.4 and 5.6) coincided with an increase in sand content (Fig. 5.11). A similar
sandier marsh base has been identified by other authors (e.g. on the island of Sylt, Germany;
Schuerch et al., 2012 and in North Norfolk; French and Spencer, 1993), and may relate to
the onset of marsh development. A beach environment may have dominated the shore at
the time at which the base of the core was deposited, resulting in a sandy basal substrate
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with low organic content. The lack of such a pre-marsh surface in the creek edge core could
be due to sediment reworking within the creek (see McCraith et al., 2003), combined with
creek migration (see Fagherazzi and Furbish, 2001; Fagherazzi et al., 2004; Lottig and Fox,
2007), which may have partially or fully removed much of the sandy base layer and replaced
it with silt. As such, the sandy base layer with low organic content and low moisture content
found at the other sites may simply no longer exist at the creek edge. Alternatively, the basal
substrate may still exist. The ground elevation is often higher closer to a creek than further
from a creek, as entrained particles are preferentially deposited close to the creek as flow
velocity decreases away from creek margins on over-marsh tides, resulting in the build-up of
‘levees’ (Bayliss-Smith et al., 1979; Stumpf, 1983). Therefore, despite reaching to a similar
depth as the marsh edge and inner cores, the creek edge core may not have reached the basal
substrate.

This basal substrate would likely be more erodible than the sediment above (in terms
of grain-by-grain erosion; see Chapter 7), due to the lower cohesive sediment component
and the lower organic content. If this were found at a marsh with a cliff of sufficient height
to expose the basal substrate, this could increase the rate of cliff undercutting, which could
then increase overall cliff retreat rate. At Tillingham, such a basal substrate is unlikely to
have key implications for marsh stability: the sandy substrate is found around 2 m below the
surface, and there is currently no cliff to expose this sediment at the base of the marsh margin.
However, the implications of such a sand-rich, and therefore erodible, basal marsh substrate
layer for stability at other marshes could be far greater. For example, such a stratigraphical
change at depth would more likely be exposed on those marshes which have a cliffed margin.
Alternatively, in those marshes which have formed more recently (and thus have a shallower
stratigraphy) such a horizon would be located closer to the surface and thus would be more
likely to be exposed in a marsh cliff. Nevertheless, this distinct change in stratigraphy
highlights the need to consider the influence of marsh age and margin type on the exposure
of such vertical variability in substrate composition at marsh edges.

Throughout the cores, particularly at the marsh edge and creek edge sites, layers with a
relatively larger sand fraction were present (Fig. 5.11). These could be storm deposits, which
are known to consist of coarser material washed over marsh surfaces during relatively high
wave energy events (Turner et al., 2006; Gedan et al., 2009; Schuerch et al., 2012). The
fact that these sand layers are well-developed at the marsh edge and creek edge sites could
reflect their patchy nature, whereby creeks act as conduits for water movement and thus
sediment prior to overtopping and the subsequent deposition of coarser material on marsh
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surfaces (French and Stoddart, 1992; French and Spencer, 1993). At Tillingham marsh edge,
the substrates would be subjected to high energy storm conditions for longer than the rest
of the marsh, thus allowing the deposition of a thicker storm-deposited coarse layer. The
presence of well-developed layers at the marsh edge links with the work of Reed (1988),
who found that sediment can be remobilised from the tidal flat and marsh edge and then
redeposited on the marsh surface, albeit mainly close to the vegetated marsh edge. Only
one such layer was found at the inner marsh site, possibly reflecting the fact that sediment
transported by other high energy events may not have reached the back of the marsh, or at
least not in quantities large enough to be preserved in the stratigraphic record. The fact that
these layers are absent, or at least largely diminished, in the tidal flat core could be explained
by a lack of sediment deposition on the tidal flat and also sediment resuspension from the
tidal flat during storms, as noted by Fagherazzi and Wiberg (2009), Tonelli et al. (2010) and
Schuerch et al. (2019). In some cases, this resuspended tidal flat sediment has been shown to
be subsequently redeposited on the marsh (Mariotti and Fagherazzi, 2010).

These layers within the substrate will have implications for sediment drainage (as coarser-
grained sediments drain faster; Kim et al., 2013). Poorly drained substrates are associated
with a decrease in soil aeration, resulting in anaerobic conditions and increases in sulphides
and manganese (Esselink et al., 2002). This change in conditions can result in a reduction in
biomass or change in the vegetation type (e.g. Mendelssohn and Seneca, 1980). A reduction
in biomass could decrease the tensile strength of the soil (see section 2.4.5), while the
influence of a change in vegetation type on marsh stability would largely depend on the
root structure and resultant effect on substrate strength (see section 2.4.5). The sand layers
themselves will also affect erodibility, as studies on marsh sediments in both the Northern
Adriatic Sea (Lo et al., 2017) and a comparative study of Essex, UK and Morecambe Bay,
UK (Ford et al., 2016a) found that coarser, non-cohesive sediments are more erodible on
a grain-by-grain basis. If particular horizons were to erode faster than others (such as the
coarser storm layers), the resistant layers (composed of more cohesive sediment) would
become more exposed (from above, below and the side), so could then erode faster than
would otherwise be the case. As such, individual layers of weakness within a stratigraphy
could increase overall retreat rates. Understanding the location, and extent, of such horizons,
is therefore key to understanding the resistance of a given marsh edge to hydrodynamic
forcing.
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6.2.1.2 Warton

Vertical variability in substrate properties was also observed at Warton, and this vertical
variability was visually evident at the sampling sites (Fig. 6.1). For example, the organic
matter content and moisture content follow the same (i.e. decreasing) trends with depth
in the Warton cores and this is likely related to the time of sampling. Usually most water
content will be stored in the pore space between particles. However, sampling at Warton
was undertaken in July 2018, following a long period of very low rainfall (see Appendix
A) and tides which would not have inundated the marsh surface. This resulted in a very
low moisture content at the time of sampling. Both particulate and root organic matter
retain moisture for longer, and to a greater extent than the inorganic sediment component,
so water content and organic content are often positively correlated (e.g. Avnimelech et al.,
2001), as was the case in this study, where there was a strong positive correlation (0.77;
Fig 5.58). This is important for marsh stability, as moisture content and organic content have
contrasting effects on resistance to erosion. While a lower water content (such as that at
Warton) is associated with a higher substrate shear strength, a lower organic content (such as
at Warton) is linked to a lower shear strength (Ford et al., 2016a). The substrate strength at
the surface is therefore dependent on the relative magnitudes of the increased tensile strength
and aggregate stability imparted by the roots, compared to the decreased strength due to the
increased water content (see Ekwue, 1990). Whether or not the water content is stored in the
interstitial pore space between particles, or in the vegetation itself, may also influence the
overall effect on marsh substrate strength. This demonstrates the importance of recording
multiple measures of substrate composition (here organic content and moisture content) in
order to fully understand how substrate properties may correlate, and also the need to note
sampling date/time, and antecedent conditions when measuring substrate properties and their
potential influence on marsh stability.

The higher organic matter in the cores at Warton at ≥15 cm depth, compared to at the sur-
face could reflect the increased presence of particulate organic matter content alongside root
content. Over time, the deeper parts of the core will have been compacted and decomposition
will have occurred so any given sample will represent soil accumulated over a longer period
of time than at the surface, resulting in a higher particulate organic matter content. This
has implications when considering marsh resistance to erosion as different forms of organic
matter have different effects on the substrate erodibility and resistance to particular erosion
processes. While roots can provide tensile strength (Vannoppen et al., 2015), low density,
exposed roots can allow scour on the marsh surface or edge (Feagin et al., 2009), which
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Fig. 6.1 Stratigraphy at the marsh edge site (A) and creek site (B) at Warton. Photographs
were taken by H Brooks on 20/10/2018 and 19/10/2018, respectively.

can locally increase erosion. On the other hand, both particulate organic matter and root
content can increase aggregate stability (Abiven et al., 2009) by providing a bonding agent
between inorganic soil particles (Haynes and Swift, 1990). While aggregate stability has
hitherto been predominantly measured in agricultural settings (e.g. Chenu et al., 2000), many
of the identified mechanisms of aggregate breakdown are likely also important in marsh
substrate aggregate breakdown. The mechanisms of aggregate breakdown are: compression
of trapped air, differential swelling of clays, mechanical dispersion by raindrop impact and
physico-chemical dispersion, all of which are discussed in detail in Le Bissonnais (1996).
Although measuring the above factors (root tensile strength, scour, aggregate stability) was
outside the scope of this study, the measurement of vertical changes in substrate composition
has identified how the importance of particular properties for the rate and presence of erosion
processes might vary with depth, with aggregate stability becoming relatively more important
at depth.

At Warton, the particle size data showed little evidence of storm deposits at the scale of
sampling as there was no clear vertical stratification in terms of grain size. However, given
the higher sand component at Warton, any storm-deposited layers will have been disguised
by the much higher sand content. Therefore, in order to identify possible storm deposits at
Warton, the precise composition of the sand component in each sample would need to be
investigated, with layers of coarser sand potentially indicating a storm deposit. Warton marsh
also currently lies much higher within the tidal frame, so is inundated far less frequently
than at Tillingham (Fig 3.10). As such, storms would need to be coincident with spring
tides, but also may need to produce surge levels higher than those at Tillingham, in order to
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transport sediment onto the marsh which can then be preserved in the stratigraphic record.
This demonstrates that the elevation of a marsh within the tidal frame will affect the number,
frequency and thickness of storm-deposited coarser layers, and the resulting impacts of this
vertical layering on substrate drainage and erodibility.

Despite the lack of storm-deposited layers, the particle size distribution at Warton was
not constant with depth, and the sand content was relatively high in the uppermost 10-12
cm compared to the rest of the core. The sand content also increased between 18 cm and
13 cm depth. As previous geomorphological studies have associated a larger deposited
particle size with a higher energy environment (e.g. Bravard et al., 2014), these increases
in sand could reflect an increase in hydrodynamic energy over time and thus the ability of
sand-sized particles to be transported onto the marsh, rather than being deposited further
offshore. Alternatively, this increase in sand component towards the upper part of the core
could reflect the availability of a new sand-sized sediment source offshore or elsewhere in
the bay. This could link to the increase in carbonate content which broadly occurred as the
sand component began to increase around 18 cm depth. Marshes in Morecambe bay undergo
cyclic patterns of retreat and progradation (Pringle, 1995), so erosion of a marsh elsewhere
in the bay, or indeed at the front of Warton itself, could release considerable amounts of
sediment into the system, the precise composition of this sediment (in terms of both particle
size and carbonate content) depending on the composition of the eroding marsh in question.
As with Tillingham, this vertical variability in particle size composition could affect the way
in which the marsh edge is undercut, with sections of more erodible sediment (lower organic
content, less cohesive sediment) being eroded first, before then exposing the more resistant
sediment within the stratigraphy.

6.2.2 Between-site variation in substrate composition

The sediments at Tillingham and Warton showed a statistically significant difference based
on the comparison of water content, organic content, carbonate content, clay, silt and sand
from both the core samples and the bulk samples (Tables 5.2 and 5.4). However, the core
samples from each site within Tillingham did not all show a statistically significant difference
(Table 5.2). Within-site comparisons were not available for Warton as cores could not be taken
from various sites within the marsh. Overall, within-site variability in marsh composition
was far lower than between-site variability and this eludes to the fact that external factors
(e.g. exposure, hydrodynamic forcing, sediment source/supply) are the dominant controls
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on sediment delivery and deposition. The available sediment supply and hydrodynamic
energy will largely influence the sediment composition, affecting both the particle size
distribution and the clay mineralogy. In turn, the sediment supply, hydrodynamic energy
and exposure will influence the drainage, biogeochemistry and pore network, which can
then affect vegetation colonisation and thus root growth and organic matter content (e.g. De
Battisti et al., 2019). Consequently, external factors have both a direct and indirect impact on
marsh substrate composition.

The higher moisture content at Tillingham likely reflects two main factors: antecedent
conditions and drainage. Firstly, samples were taken from Tillingham during and shortly after
a period of rainfall, whereas there had been very little rainfall prior to sampling at Warton, so
the marsh was largely desiccated (Fig. 4.3; Appendix A). Similarly, the tidal cycle preceding
sampling at Tillingham was high enough to inundate much of the marsh, whereas this was
not the case at Warton, where the marsh platform is located higher within the tidal frame.
The water input to Tillingham was therefore larger in the period immediately preceding,
and also during, sampling. Secondly, finer-grained substrates have a lower permeability, so
drainage of water following rainfall or a high tide would take longer at Tillingham. This
will have maintained a higher water table for longer, and this was reflected in the reduced
depths to which undrained shear strength and erosion threshold measurements could be taken
at Tillingham compared to Warton (as measurements could not continue past the depth of
the water table). A higher water content is known to reduce the shear strength of a marsh
substrate (Watts et al., 2003). The influence of marsh composition on substrate behaviour and
shear strength is therefore dynamic in both time and space, depending on both antecedent
conditions and local variations in sediment composition (and thus drainage).

Organic matter content was higher at Tillingham than Warton. The organic contents
found here (1.00-14.36% at Tillingham and 0.54-4.77% at Warton) were within the range of
measurements at other UK salt marsh sites. For example, Mossman et al. (2012) recorded
organic matter content of 3-36% in North Norfolk, including a managed realignment site,
while Burden et al. (2013) measured 5.5-22% organic matter in natural and managed re-
alignment sites in Essex, South East England. Organic matter content was lower at Roudsea
marsh, Morecambe Bay (2-13%; Brain et al., 2012), and this again agrees with the lower
values measured at Warton. Unsurprisingly, given the minerogenic nature of North West
European marshes (see section 1.1.1) the organic matter measured in this study was lower in
both marshes than organic matter contents measured using LOI for US marshes (e.g. 30-53%
in North Carolina; Brain et al., 2015).
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The difference in organic matter content between Tillingham and Warton has implications
for substrate erodibility. Soils comprising <2% organics are generally considered ‘erodible’,
however increases in organic matter from 0% to 10% are positively correlated with substrate
resistance to erosion (Brady and Weil, 2002; Morgan, 2005). At Warton, 57.76% of the core
samples contained less than 2% organic matter, while only 8.33% of samples at Tillingham
contained less than 2% organic matter. It is therefore to be expected that the size of the
organic matter content influences the substrate resistance to erosion more at Tillingham,
however the organic matter contents at Warton were generally too low to provide a discernible
influence on substrate resistance to erosion. This is discussed further in section 7.5. As such,
the relative importance of different marsh properties for marsh resistance to erosion likely
varies between marshes.

The trends in root mass content with depth were different between Tillingham and Warton.
The consistent reduction in root mass with depth at Warton likely relates to the dominance of
Puccinellia maritima (Fig. 6.2), which has a fine, dense root structure at the surface, however
the root density decreases with depth (Fig. 2.4). At Tillingham the root mass content was
higher and, while it did generally decrease with depth, the trend was less consistent with
depth than at Warton. This could result from the floristically more diverse marsh canopy
at Tillingham with thick tap rooted species such as Limonium vulgare coexisting alongside

Fig. 6.2 Vegetation at the marsh edge (A), creek edge (B) and inner marsh (C) sites at Warton.
Photographs taken by H Brooks, on 7/07/2018, 19/10/2018 and 19/10/2018, respectively.
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finer rooted species such as Aster tripolium and Puccinellia maritima, or even those with
much shorter roots which decrease in diameter with depth, such as Suaeda maritima and
Salicornia herbacea (Fig. 6.3; Fig. 3.7 & Fig. 2.4). The root mass content in a sample at

Fig. 6.3 Floristically diverse canopy at the marsh edge (A), creek edge (B) and inner marsh
(C) sites at Tillingham. Photographs taken by H Brooks, on 28/09/2017, 30/09/2017 and
30/09/2017, respectively.

Tillingham would therefore largely be influenced by the presence or absence of particular
species, with species such as Limonium vulgare having a large influence on a given sample.
As such, the use of methods such as x-ray tomography to map root structures and quantify
the root diameters present at a particular location would be useful to understand whether a
simplistic bulk measure such as root mass content is sufficient, or whether the actual root
structure must be understood in order to accurately assess the influence of roots on bulk
substrate behaviour in response to applied stress.

Carbonate content was higher at Tillingham than Warton. Variability in carbonate content
between sampling sites within Tillingham and Warton was very small compared to that
between the two marshes. At Tillingham, the surrounding bedrock is London Clay, which is
low in Calcium Carbonate (Ng et al., 1995), so it is unlikely that the relatively high carbonate
content at Tillingham relates to the London Clay. However, the high carbonate content at
Tillingham likely relates to the presence of chenier ridges, which are comprised of shells
(Fig. 6.4), or could reflect reworking of shell fragments from the tidal flats (Crooks and Pye,
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Fig. 6.4 Example of a chenier ridge at Tillingham. Photograph taken by H Brooks, on
17/02/2017.

2000). Crooks and Pye (2000) measured carbonate contents of 3.95-4.1% further North
on the Dengie Peninsula, which are much lower than the values measured here (10-20%).
However, the values measured here (5.28-29.12% at Tillingham, 2.72-9.74% at Warton,
excluding the outlier) are not dissimilar to those measured by Crooks and Pye (2000) in
the Severn estuary (range = 5-15% carbonate content). In Crooks and Pye (2000), a high
carbonate content (deemed to be anything around 4% or greater) has been thought to reflect
open coast marshes exposed to higher hydrodynamic energy than estuarine marshes. The
values at Warton were around 4% so were not dissimilar to this ‘high’ value, despite being
lower than at Tillingham. This ‘high’ carbonate value could again reflect the exposed open
coast location of the marsh, but might also be related to the local geology. Near Arnside, just
North of Grange over Sands and further North within the River Kent catchment, the bedrock
geology comprises “Limestone with Subordinate Sandstone and Argillaceous Rocks” (BGS,
2020). These are carbonate-rich. In previous studies, a higher carbonate content has been
linked to a lower sodium adsorption ratio (Crooks and Pye, 2000), which results in narrower
adsorbed water layers on the clay platelets, thus tightly bound sediments, flocculation and
a less open fabric. Ultimately, this would be expected to reduce the substrate erodibility,
as flocculated clay particles are less erodible than dispersed clay particles. The carbonate
content is highly dependent on the local setting and, based on carbonate content alone, the
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substrate erodibility would be expected to be lower at Tillingham, where carbonate content is
greater.

The particle size distribution was significantly different between the two sites. Tillingham
was silt-dominated, with a secondary clay component, whereas Warton was sand-dominated
with a secondary silt component. Tillingham had a lower D50 (median grain size), higher Uc

(uniformity coefficient) and higher Cz (coefficient of curvature) compared to Warton. The
lower Uc at Warton demonstrates that the substrate had less variation in particle size. This is
of key importance for interpretation of geotechnical tests (see section 6.3), as granular soils
with larger particles, a higher Uc, particles with similar dimensions and smoother particles
will be able to achieve a higher density and thus a greater number of particle contacts (Fig. 6.5;
Barnes, 2010). This would be expected to increase the effective angle of shearing resistance
and thus the overall substrate shear strength.

Fig. 6.5 Schematic to show effect of variation in grain sizes (Uc) on packing density and void
ratio.

Particle size distribution varied spatially within each marsh. At Warton, there was a higher
D50 on the tidal flat compared to the three marsh sites. This could reflect the deposition of
coarser grains on the tidal flat, as the bed friction begins to increase in the shallower water
compared to offshore. The opposite, however, was true at Tillingham, with tidal flat samples
having a lower D50 than those on the marsh. At both marshes, the lower D50 at the creek and
inner sites compared to the marsh edge could reflect the deposition of larger particles as the
water initially comes into contact with increased friction at the bed at the marsh edge. Despite
the funnelling of water through creeks, a higher D50 was not recorded at the creek edge,
likely because the creek edge surface is generally higher than the general marsh surface due
to the formation of natural levees (Bayliss-Smith et al., 1979; Stumpf, 1983). Understanding
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spatial variations in particle size distribution within a marsh, and the processes behind this,
are therefore key for understanding how marsh substrate erodibility might vary both spatially
and temporally (e.g. as a creek meanders, or as the marsh edge erodes).

Clay mineralogy was measured because it can affect the adsorbed water and water
retention of the substrate. It therefore influences both the substrate erodibility and also the
ability of the substrate to shrink and swell during cycles of wetting and drying. At Tillingham,
the clay fraction was primarily composed of mica, followed by smectite, then kaolinite and
chlorite. This clay mineralogy is not dissimilar to that found by Kemp and Wagner (2006)
who characterised the mineralogy of the London Basin, finding approximately 38% smectite,
26% mica, 25% kaolinite and 12% chlorite. The high mica content at Tillingham could
reflect the nearby and underlying mica-rich London Clay (21-38% mica content; Gasparre
et al. 2007). Likewise, the presence of smectite likely reflects the London clay, which is
also smectite-rich (smectite content = 40-63%; Gasparre et al. 2007). The London clay is
transported from South East England and has outcrops on both the River Blackwell and the
River Crouch (Greensmith and Tucker, 1971), thus is likely a source of sediment for the
Dengie peninsula. In clay mineralogy investigations of the London Clay at Bradwell, circa

5 miles from Tillingham and on the River Blackwater, the clay mineralogy is closer to that
measured at Tillingham, comprising 38% mica, 30% smectite, and 12% each of kaolinite
and chlorite (Bloodworth et al., 1987). The high mica content could also reflect an offshore
source, as the northern and central North Sea sediments are mica/kaolin dominated (with
the mica sometimes being interlayered with smectite; Wilkinson et al. 2006). At Tillingham
therefore, the local sediment source plays an important role in determining how the marsh
may respond to wetting and drying.

A dominance of mica and smectite within Essex marshes was also found by Crooks and
Pye (2000), who found 41% of the clay mineral abundance in southern Essex to be mica and
41% to be smectite. These results are not dissimilar to other salt marsh studies in North West
Europe, with He et al. (2012) recording a mica-dominated clay mineralogy on Skallingen,
Denmark, while Armynot du Châtelet et al. (2009) found a smectite and mica-dominated
mineralogy in the Canche estuary, Pas-de-Calais, France.

Smectite and, to a lesser extent, mica, retain water and shrink during drying or swell
during wetting (Knappett and Craig, 2012). Therefore, the presence of mica and, particularly,
smectite has important implications for the behaviour of substrates in response to wetting
and drying (see section 6.3.3). As such shrink-swell behaviour is known to produce tension
cracks (Allen, 1989), this must be considered as a potential cause of mass wasting along
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creek banks and at the marsh edge, as has been noted in the Venice Lagoon (Francalanci et al.,
2013). The presence of smectite or, to a lesser extent, mica, could therefore influence how
the substrate responds to inundation, precipitation, or lack thereof, particularly in terms of
the rate and occurrence of mass wasting processes. This is discussed further in section 6.3.3.

Warton had a higher mica component than Tillingham, however no smectite was present.
The lack of smectite in the samples is consistent with previous studies that have found a
mixture of mica, kaolinite and chlorite, but no smectite in offshore sediments in the Irish
Sea (Jones et al., 1999) and offshore near Sellafield (Defra, 2006). As such, the substrate at
Warton would be less likely to shrink during drying, or to swell during either inundation or
rainfall.

At Tillingham and Warton, the relative importance of each clay mineral to the total
sediment composition (and therefore behaviour) largely depended on the clay content. As
such the influence of clay mineralogy on substrate behaviour is more important at Tillingham
than Warton, as clay content was higher at Tillingham. Given the relatively low clay content at
Warton, any differences in behaviour between sites within Warton marsh are much more likely
to be due to differences in clay content than differences in the clay mineralogy. Therefore,
the need to measure clay mineralogy in studies assessing substrate stability likely depends on
the percentage clay content, with clay mineralogy having little influence on stability at those
sites at which clay content is low (for example, less than 2-5%), but becoming increasingly
more important for marsh resistance to erosion as the clay content increases.

The particle density was vital for accurately determining other properties such as the
void ratio and degree of saturation. It could also give an indication of differences in particle
composition. The higher particle density values at Tillingham (mean = 2.69 g/cm3) com-
pared to Warton (mean = 2.67 g/cm3; Table 5.7) could reflect a variety of factors. While
particle density is usually assumed to be about 2.65 g/cm3 (the particle density of quartz;
Table 6.1), the particle densities measured here are slightly higher. As demonstrated by the
clay mineralogy data, both field sites comprised some mica-around 15% of the sediment at
Tillingham and 2-5% of the sediment at Warton. As mica has a particle density of 2.7-3.1
g/cm3 (Table 6.1), this could partly explain why the particle density values are higher than
2.65 g/cm3. The high measured particle densities could also reflect the presence of calcite,
which has a particle density of 2.75-2.9 g/cm3 (Table 6.1). Calcite has also been found in
deposits near to Tillingham at Maplin sands and Foulness island (Greensmith and Tucker,
1971), as well as in suspended silts in the Crouch estuary, Essex (Sheldon, 1968). However,
particle density represents the average density of the mineral grains, the composition of
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which likely consists of several different minerals. While it is difficult to ascribe a ‘bulk’
particle density value to a given mineral, the presence of particular minerals can be inferred,
particularly on the basis of previous studies which may have identified their presence.

Table 6.1 Typical values of particle density, from Barnes (2010).

Mineral/composition Typical value of particle density

Peat < 1 - 1.2
Feldspars 2.55 - 2.70
Quartz 2.65
Calcite 2.75 - 2.9
Micas 2.7 - 3.1
Haematite 5.0 - 5.2

The particle density measured here will also have been influenced by root presence. For
these tests, the roots were not removed, as some roots passed through the 2 mm sieve. As
organic content has a lower specific gravity than inorganic content (Barnes, 2010), and the
organic content was higher at Tillingham, this could partly explain the lower than expected
particle density, particularly at Tillingham. Given the lower specific gravity of organic matter
(often no more than half of the mineral content; Craft 2000), the high volumetric contribution
of the organic matter to the substrate (often double the organic matter content percentage by
mass) can be very important for engineering behaviour (Barnes, 2010).

The particle density measurements presented here generally lie within the range (2.2-2.7
g/cm3) of those measured by Brain et al. (2012) in the Tees estuary, Morecambe Bay and
North Norfolk, UK. The values are in-keeping with assumptions made for inorganic soils in
other marsh-based studies, which use an assumption of a particle density of 2.61 g/cm3 for
inorganic substrates, and 1.14 g/cm3 for organic-rich soils (e.g. Day et al., 2011), based on
measurements in Delaune et al. (1983). Similarly, marsh substrates in Cola et al. (2008)’s
model were assumed to have a particle density of 2.7 g/cm3. In summary, the particle
density is a key input parameter for other calculations, and the values give some indication
of the minerals present in the soil, but this was complicated by the presence of roots within
the samples. Nevertheless, the particle density was vital for accurately determining other
properties such as void ratio and the degree of saturation in the geotechnical tests.
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6.3 Substrate behaviour

6.3.1 Shear behaviour in response to applied stress

For the first time, shear box and ring shear tests have been used to assess the shear behaviour
in response to applied stress. This behaviour can be divided into two components:

1. Quantification of the cohesional strength and the effective angle of shearing resistance.
These are key parameters that govern the strength of a material for a particular normal
stress.

2. Comparison between peak shear strength (maximum strength) and residual shear
strength (any strength retained after failure)

Shear box and ring shear tests record the drained strength of soils, i.e. where the
rate of changes in total applied stress is slower than the rate of dissipation of excess pore
water pressure. Therefore, they provide vital information on the response of the marsh
substrate to cumulative long-term changes in the total applied stress (i.e. longer than
approximately a week, or the time over which it takes excess pore water pressures to
dissipate). Theoretically, changes in the applied stress could relate to stress changes induced
by erosion of the overburden (although such surface erosion is known to be negligible
on salt marsh surfaces; Spencer et al., 2015b), or changes in the elevation of the water
table. The influence of such weekly-to-monthly changes in the stress regime has rarely been
considered for salt marsh substrate resistance, as commonly-used measurements of marsh
resistance (e.g. the shear vane) measure the undrained strength and therefore the response to
near-instantaneous variations in applied stress. The combination of drained and undrained
measurements of substrate strength in this thesis will therefore help us to understand marsh
substrate behaviour in response to applied stress over both shorter (seconds-hours) and
longer (weeks-months) timescales. This thesis therefore focuses on sub-annual timescales,
concentrating on the drained and undrained substrate response to applied stress on a scale
up to a few metres, rather than the subsequent influence of biogeomorphic feedbacks on
landform stability over a scale of 100s of metres and above (although the latter is discussed
in Chapter 8).
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6.3.1.1 Cohesional strength and the effective angle of shearing resistance

Shear box tests were able to compare substrate strength for a given normal stress between
field sites. The peak strength at Warton was higher than for the equivalent samples at
Tillingham. For example, for the 0-30 cm depth sample from the marsh edge, the Tillingham
sample could withstand 9.2 kPa shear stress under 10 kPa normal stress, while the Warton
sample could withstand 16.1 kPa. By quantifying the cohesional strength and the effective
angle of shearing resistance, the relative importance of electrostatic forces between clay
particles, grain size distribution and root content can be assessed.

The cohesional strength (c′) varied between 0.0 and 5.7 kPa at Tillingham and 2.9 and 6.8
kPa at Warton (Table 5.9). At both sites, c′ (reflecting the electrostatic forces between platy
clay particles within the substrate matrix) was low, suggesting that the substrate exhibits
little strength derived from its clay mineral content. The angle of internal friction (ϕ ′) and
residual angle of internal friction (ϕ r

′) were 29.9◦ to 36.1◦ and 29.2◦ to 32.4◦ at Tillingham,
and 33.4◦ to 43.5◦ and 29.2◦ to 32.3◦ at Warton, respectively. The higher frictional strength
at Warton likely results from the coarser grain size at Warton, relative to that at Tillingham.

Few other studies report c′ and ϕ ′ for salt marsh sediments. Francalanci et al. (2013)
measured ϕ ′ as 17.7◦, 30.6◦ and 32.9◦ at three marsh edge locations in the Venice Lagoon,
which had a corresponding c′ of 10.8 kPa, 8.0 kPa, and 5.3 kPa. These samples were
predominantly silt (69-84%), with a secondary clay component (13-28%) and a smaller sand
component (<5%). The latter two samples displayed a similar ϕ ′ and c′ to the values found
at Tillingham and Warton, while the first sample has a lower ϕ ′ and slightly higher c′. Only
one other salt marsh/tidal flat location which has been tested using shear box and ring shear
tests was found: Bothkennar, Scotland. The results presented here are comparable to the
estuarine silts at Bothkennar, where c′ = 1.5 kPa, ϕ ′ = 34◦ and ϕ r

′ = 30◦ (Lehane and Jardine,
1992; Hight et al., 2003). The angle of shearing resistance for both peak and residual values
was therefore high in the Venice Lagoon and at Bothkennar, Warton and Tillingham. This
may indicate a high angular grain content and low platy clay content (e.g. Giang et al., 2017),
however the high ϕ ′ and ϕ r

′ could also be reflecting root mass properties, which increase
the friction between particles as they attempt to move over one another. However, although
Francalanci et al. (2013) gave values of c′ and ϕ ′ as contextual information, these properties
were not linked to substrate resistance to erosion and were only referred to briefly.

Substrate strength is highly dependent on the initial substrate structure, which in turn
depends on marsh substrate composition. The higher ϕ ′ at Warton reflects the lower void
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ratio (Fig. 5.33 and 5.34) and results in a consistently higher shear strength at Warton than
at equivalent locations at Tillingham. A lower void ratio increases ϕ ′ because it indicates a
higher packing density, more interparticle contacts and greater interlocking between particles
(Barnes, 2010). While both larger particle sizes and a higher Uc (the latter not a characteristic
of Warton sediments) have been shown to increase the ϕ ′ and thus the peak substrate strength
(Kara et al., 2013; Alias et al., 2014), not all studies conclude this (e.g. Latha and Sitharam,
2008). Many studies infer that the void ratio is most important, with larger particle sizes and
a higher Uc (more heterogeneous grain sizes) both reducing the void ratio (Selig and Roner,
1987; Latha and Sitharam, 2008). For example, Vangla and Latha (2015) note that particle
size does not affect peak shear strength when the initial void ratio is kept constant. This
thesis has been able to highlight influential factors (namely the influence of both particle size
and grading on void ratio) on ϕ ′ and thus substrate shear strength.

At Warton, the higher ϕ ′ on the marsh surface compared to ϕ ′ at depth most likely reflects
compaction of the upper marsh stratigraphy, for example due to grazing (e.g. Lambert, 2000).
Compaction increases grain interlocking and the friction between the grains at particle
contacts, so ϕ ′ can be expected to be higher (Knappett and Craig, 2012). As a higher ϕ ′

would result in a higher substrate shear strength for a given normal stress, this implies
that, in the absence of other effects, grazing-induced compaction may locally increase the
substrate shear strength in the uppermost layers. While some compaction may occur in
deeper sediment layers due to autocompaction (compaction of the sediment under its own
weight; Allen, 1999), the results presented here are consistent with studies that have shown
that grazing-induced compaction at depth can be negligible or absent (e.g. below 20 cm
depth; Elschot et al., 2013). As a higher ϕ ′ would result in a higher substrate shear strength
for a given normal stress, this implies that, in the absence of other effects, grazing-induced
compaction may locally increase the substrate shear strength in the uppermost layers of the
substrate.

6.3.1.2 Comparison of peak and residual shear strength

As expected, the shear stress a sample could withstand for a given normal stress was lower
for the residual strength than for the peak strength (Fig. 5.27). The observed reduction in
strength from the peak to residual scenario (Fig. 6.6) is normally known to be caused by clay
softening/reorientation after failure (Knappett and Craig, 2012). However, for this study, the
shear box test (used to measure peak strength) was conducted on an undisturbed sample with
intact roots, whereas the ring shear sample (used to measure residual strength) comprised
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only the reconstituted sediment component of the substrate, with no roots present. This
reduction in strength from the peak to residual scenario thus likely reflects a combination
of both clay softening/reorientation and also the removal of any tensile or other strength
provided by the roots (Fig. 6.6).

Fig. 6.6 Schematic to show example Mohr-Coulomb failure criteria for the peak and residual
scenario. For a given effective normal stress, the substrate strength is higher in the peak
scenario than the residual scenario. The reduction in strength from A to B for a given effective
normal stress could reflect a combination of reorientation/softening of clay particles and
removal of roots, together with some influence of sediment remoulding.

Comparing ϕ r
′ and ϕ ′ provided an initial step towards separating the influence of clay

softening/reorientation and the influence of roots on substrate strength. The fact that the
largest decrease in ϕ ′ from the peak to residual scenario at both Tillingham and Warton
occurred at the marsh surface (Table 5.9), where root mass was greatest (Fig. 5.15), indicates
that roots are contributing to this loss of frictional strength. This is a vital contribution to the
understanding of salt marsh stability and could allow us to quantify the relative contribution
of roots to salt marsh substrate shear strength.

This ability to isolate the strength provided by roots is key to identifying the response
of marsh substrates to forcing. While many studies have identified the role of the root
matrix in increasing the strength of the uppermost marsh substrate layer (Van Eerdt, 1985a;
Bendoni et al., 2014; Bendoni et al., 2016), there are no studies which have been able to
isolate the strength derived from roots in salt marsh substrates. This research gap limits
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our ability to understand marsh edge erosion processes and rates of retreat, the latter being
an area into which considerable research has been undertaken (e.g. Priestas et al., 2015;
Leonardi et al., 2016b; Leonardi et al., 2016a). For example, the presence of vegetation
affects both the morphology and point of failure of tension cracks. In unvegetated substrates,
tension cracks are generally wider and deeper (Francalanci et al., 2013). As tension cracks
widen and deepen block failure can occur when the tensile strength is exceeded at any point
on the failure surface (Bendoni et al., 2014). This tensile strength is likely related to the
tensile strength of the roots in the marsh substrate, which may reflect the density and type
of vegetation (Van Eerdt, 1985a). For example, Van Eerdt (1985b) measured the tensile
strength provided by two species in the Oosterschelde, The Netherlands, and found that
Spartina anglica provided greater tensile strength than Limonium vulgare. Van Eerdt (1985b)
recognised that the contribution of roots to substrate strength is proportional to the number
of roots intersecting the failure plane. As such, the fine but dense root mat at Warton would
be expected to provide greater strength to the substrate than the less dense but thicker roots
observed at Tillingham. This agrees with the higher peak strength recorded in the Warton
substrates for a given normal stress, compared to those at Tillingham (Fig. 5.27), and also the
fact that the greatest reduction in frictional strength between the peak and residual scenarios
occurred at 0-30 cm depth at Warton (not Tillingham). Similarly, based on cores from
the Adriatic exposed to waves in a flume, roots are known to contribute more to the shear
strength of sandy substrates (such as at Warton) than finer-grained substrates (Lo et al., 2017).
This again agrees with the greatest decrease in strength from the peak to residual scenario
occurring at Warton. Subjecting salt marsh soils to geotechnical methods thus contributes
towards a better understanding of the relative additional strength provided by roots to the
sediment, which has important implications for our understanding of marsh edge erosion
processes.

Isolating the role of roots in providing strength to the substrate also has important
implications for modelling the future evolution of salt marshes as landforms. Models used
for this purpose often include only an erodibility coefficient to incorporate marsh substrate
strength (e.g. Mariotti and Carr, 2014), or assume that the substrate is homogeneous (e.g.
Bendoni et al., 2014). The lack of geotechnical measurements for informing models of
marsh edge erosion by mass wasting was noted ten years ago by Mariotti and Fagherazzi
(2010). Introducing a two-layered substrate to such models, with the resistance of the upper
layer reflecting both the combined strength of the sediment matrix and the roots, and the
lower layer reflecting simply the sediment matrix and some partially-decomposed roots (see
Brooks et al., 2021) could greatly improve model outputs. Here, we have demonstrated
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that shear box and ring shear tests can provide this substrate strength data for both layers,
alongside providing insights into the relative importance of roots in the uppermost layer. By
incorporating and validating these results in marsh edge erosion models, the understanding
of processes involved in marsh erosion (undercutting, tension crack formation and cantilever
or toppling failure), the factors influencing why certain processes occur and the variation in
marsh erosion rates (clay mineralogy, root mass content and erosion thresholds) would be
greatly improved.

6.3.2 Consolidation behaviour in response to applied stress

Understanding the consolidation characteristics of the substrate is of key importance for
understanding the shear strength of the soil, as the shear strength is controlled, at least in part,
by the packing density or structure of the soil, which is tightly linked to consolidation (see
section 6.3.1). Accurately quantifying the consolidation characteristics of the substrate is
therefore key to addressing both objectives 1b and 1c, and thus to understanding the marsh
substrate response to changes in hydrostatic loading during storm surges.

6.3.2.1 Timing/Magnitude of expected displacement

The results presented in this thesis show that the speed of marsh substrate response to applied
vertical stress varied. Axial displacement at Tillingham was delayed, but occurred rapidly
at Warton following initial stress application. This likely reflects the higher permeability of
the Warton substrate, caused by the higher sand and lower clay content, which allows faster
drainage and consolidation. For example, settlement in sands/gravels is known to occur over
seconds to weeks, rather than months or longer (Head, 1994). The slower consolidation
response at Tillingham may reflect resistance provided by the thick, almost tubular roots and
rhizome mats from, for example, Spartina anglica in the sample, which, once crushed, allow
consolidation to continue at a faster rate. The composition of a substrate (root structures
and grain size) can therefore influence the speed of onset and duration of the initial axial
displacement in response to applied vertical stress.

Samples at Warton consolidated less (up to 15% of initial height) than at Tillingham
(up to 45% of initial height). This likely reflects the higher initial void ratio at Tillingham
(1.82-2.77) than at Warton (0.98-1.15), and the higher root content at Tillingham. In highly-
organic marsh substrates, roots can retain moisture and often form a macropore structure
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within the marsh substrate (DeLaune et al., 1994), especially those roots which are hollow,
such as Spartina anglica. This also occurs, albeit to a lesser extent, in highly minerogenic
substrates. Roots can thus provide a space for water and air, increasing the void ratio. Finally,
roots have some elasticity and can be compressed more than solid particles when loaded
(Head, 1994). This finding of greater compression for a given effective stress for samples
with higher initial void ratios and higher organic content and therefore more open structures
agrees with other similar studies on salt marsh substrates. Brain et al. (2011) found higher
compression in samples with open structures linked to higher organic content for samples
from Cowpen Marsh in the Tees Estuary, UK. The presence of open structures (void space
between particles or within roots) therefore affects the magnitude of the substrate response
to applied vertical stress.

The normal stress applied to a marsh by, for example, a storm surge, would depend on
both the magnitude of the surge experienced in that location and also the position of the
marsh within the tidal frame. As such, the actual force experienced at the two marshes would
likely differ. For example, at Heysham (near Warton, see Fig. 3.1), the maximum surge
between 1st January 1964 and 30th April 2020 occurred on 1st February 1983 and was 1.19
m above the marsh surface, although the duration of this inundation depth is unknown, as
the surge damaged the tide gauge (Fig. 3.21). At Harwich (near Tillingham; Fig. 3.1), the
highest water elevation between 1st January 1954 and 30th April 2020 reached 1.28 m above
the marsh edge surface on 5th October 1967, for 2-3 hours (Fig. 3.8). These ‘extreme’ storm
surges at each marsh would have applied a stress of 11.90 kPa and 12.79 kPa at Warton and
Tillingham, respectively.

Based on the axial displacements experienced at 12.5 kPa (the closest load increment in
the oedometer test to that observed in nature), the Tillingham substrate would experience a
vertical strain of 4.91% in the uppermost 30 cm and 3.13% at 30-60 cm depth. Therefore,
even by only accounting for displacements experienced by the upper 60 cm of substrate,
an axial displacement of 2.41 cm could be expected. At Warton, however, the substrate
would experience a vertical strain of 5.38% in the uppermost 30 cm and 2.96% at 30-60 cm
depth. As such, by including displacements in only the upper 60 cm of substrate, an axial
displacement of 2.50 cm could be expected. Therefore, in spite of differences in substrate
consolidation properties, consolidation would thus be comparable at Tillingham and Warton
(circa 2.5 cm), although the potential for the substrate to recover would be affected by
past stress conditions (see below). This then has implications for depths and durations of
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subsequent tidal inundations and thus both future impacts of hydrodynamic loading as well
as delivery of sediment to the marsh surface (French, 2006; Schuerch et al., 2019).

Consolidation during extreme events may also increase substrate shear strength. During
the two storm surges described above, such consolidation would have reduced the void ratio
by 7.14% at Tillingham and 8.00% at Warton, which is known to increase the undrained
shear strength, the angle of internal friction, and thus the peak strength (see section 6.3.1).
Although this reduction in void ratio may be short-lived, as marshes are able to recover their
vertical deformation (see below), this thesis has highlighted that storm surges (which allow
consolidation and thus reduce the void ratio) may actually temporarily increase the substrate
shear strength during such events.

The results presented in this thesis indicate a lower axial displacement in the 30-60 cm
depth samples at both sites, compared to those taken from 0 – 30 cm depth (Figs. 5.31
and 5.32). This lower axial displacement with depth likely reflects the increased density with
depth (as measured by the lower void ratio measured at 30-60cm depth). Higher interparticle
contacts within more consolidated sediments, a lower void ratio and increased packing
density all increase the substrate shear strength. As such, more consolidated marsh substrates
have been widely linked to greater shear strength (Chen et al., 2012).

The relationship between consolidation and an increased substrate shear strength high-
lighted within this Chapter agrees with similar associations found in other, in situ, studies
and those discussed further in Chapter 7. Consolidation has been shown to increase both
undrained shear strength (strength against bulk failure processes, as measured by a shear
vane; Chen et al., 2012) and also the critical erosion shear stress (linked to particle-by-particle
erosion, as measured by a CSM; Watts et al., 2003), as more consolidated sediments have a
lower water content. The results presented here therefore have important implications for
the likely future behaviour of managed realignment sites, characterised by a higher substrate
shear strength in the lower, consolidated, layer, and a reduced shear strength in the uppermost
layer (e.g. Brooks et al., 2015; Tempest et al., 2015a), with the most recently deposited
sediments having particularly low shear strengths (e.g. Davy et al., 2011). The results
presented in this thesis highlight that shear strength variation with depth, and also between
the surface and lower layers at managed realignment sites, may depend on void ratio, water
content and thus the degree to which consolidation has taken place. Quantifying the reduction
in void ratio as well as loss of water content with depth through use of an oedometer test is
thus needed to forecast both marsh vertical stability and lateral stability.
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6.3.2.2 Vertical recovery potential following unloading

During unloading, the Warton samples returned to, or near to, their initial void ratio, however
Tillingham samples did not. Usually such a return to the initial void ratio relates to the over-
burden stress history. The pre-consolidation pressure at Warton was higher than at Tillingham,
implying that Warton sediments had previously been exposed to higher normal stresses. The
sediments were therefore lightly to heavily overconsolidated at Tillingham and heavily over-
consolidated at Warton (OCR > 3; see Barnes, 2010), similar to the overconsolidation found
by Brain et al. (2011) at Cowpen Marsh, Tees Estuary. Such overconsolidation resulting
from the high pre-consolidation pressure could occur due to a combination of vegetation
removing moisture from the soil, as well as tidal exposure and a reduction in groundwater
level, with the latter allowing desiccation and producing capillary suction stresses (Brain
et al., 2011). The higher pre-consolidation pressures at Warton may reflect the coarser grain
size and the relatively high elevation of the marsh platform within the tidal frame compared
to at Tillingham, which result in faster drainage and a longer duration and frequency of
subaerial exposure. During summer, neap tides therefore rarely reach the marsh surface at
Warton, allowing desiccation to occur, as well as a reduction in water table elevation (Barras
and Paul, 2000). The combination of coarser grain size and a higher elevation within the
tidal frame at Warton have thus enhanced desiccation and increased the pre-consolidation
pressure and therefore the OCR.

Characterising the OCR of the substrate is of key importance for understanding both the
magnitude and vertical recovery potential of a substrate. For normally-consolidated samples
(or those closer to normally-consolidated, denoted by a lower OCR), vertical deformation
occurs along the virgin one-dimensional compression line, along which relatively large,
irreversible soil structural changes occur. For example, the particle structure may rearrange
into a denser, stronger form, which allows transfer of stress from the pore water to the
solid particles (Fig. 6.7). However, for overconsolidated soils (indicated by a higher OCR),
the substrate will lie at some point on the expansion/recompression lines on the e-log σ ′

graph, along which changes are small and recoverable (Fig. 6.7). Following increasing stress
application, these overconsolidated samples can later join the virgin compression line, if
previously applied normal stresses are exceeded (Fig. 6.7).

In line with consolidation theory (see Fig. 6.7), the higher OCR at Warton resulted in
small, but recoverable deformation, conforming to what would be expected in a sample which
deforms mainly on the reload-unload curve. At Tillingham, the OCR was lower, thus allowing
a greater magnitude of deformation, much of which was irrecoverable. This implies that the
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Fig. 6.7 Schematic to show example of void ratio-effective stress relationship for a sat-
urated soil. The plot shows initial compression along the virgin compression line (for
normally-consolidated soils), followed by possible expansion after stress removal, and then
recompression after stress re-application (overconsolidated soils). Irreversible deformation
occurs along the 1-D virgin compression line due to changes in soil structure, but changes in
soil structure along the expansion or recompression parts of the graph are mostly recoverable.
Eventually, the recompression curve joins the virgin compression line. After: Knappett and
Craig (2012).

recompression of the Tillingham samples was sufficient to rejoin the virgin compression line
earlier and to consolidate the sample further through irrecoverable deformation and expulsion
of water from the voids. The latter fits in with the shape of the e-log σ ′ curve, which starts
at a low gradient, before transitioning to a linear compression line at higher stresses, with
the latter straight line potentially being the virgin compression line (Fig. 6.7). Such an
understanding of the past stress conditions as a result of either the previous overburden, or
desiccation processes is therefore key to understanding both the magnitude and recovery
potential of a substrate, with regards to vertical deformation in response to normal stresses
applied during, for example, storm surges.

Understanding the vertical recovery potential of the marsh substrate allows us to investi-
gate whether the axial displacement induced by the application of normal stresses (such as
storm surges) is permanent, or whether the elevation change is partly recovered. This has key
implications for understanding the vertical stability of the marsh platform. Recent research
has identified that a low sediment supply and a microtidal environment act as possible ‘risk
factors’ for marshes under future forecasted sea-level rise (Spencer et al., 2016). However,
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this thesis shows that marshes, and particularly highly organic marshes, can undergo axial
displacement during normal stress application of a magnitude similar to that produced by
storm surges, and this displacement is often semi-permanent, with only 50-70% of the axial
displacement having been recovered at Tillingham marsh (Fig. 5.33).

Such axial displacement has not previously been recorded under controlled laboratory
conditions but has been observed to have taken place as a result of storm occurrence. Extreme
water levels encountered during Hurricane Felix and Tropical Storm Jerry at Cedar Island,
North Carolina, USA, in 1995 were observed to have caused marsh compaction and surface
elevation lowering of over 20 cm (Cahoon, 2006). In the case of the Cedar Island marsh,
however, Cahoon (2006) reports a near-complete ‘rebound’ to pre-storm levels (bar a few
millimetres) however the substrate here is highly organic (>60% organics by mass; Cahoon
et al., 1998).

Contrary to this, this thesis suggests that some North West European marshes studied here
(Tillingham) may not rebound to pre-impact elevations quite so readily. Such incomplete
recovery will lower the marsh within the tidal frame and thus expose them to higher, and
more frequent, hydrostatic pressures from increased water depths. There is therefore a need
to understand how consolidated marsh substrates currently are, how they may consolidate
under future normal loads, and whether they remain consolidated after stress removal.
Understanding these three aspects will allow us to forecast marsh stability in the vertical
direction, and will improve our understanding of substrate shear strength, which was shown
to be linked to void ratio (see section 6.3.1).

Both the magnitude of displacement during loading and the vertical recovery potential
are factors not previously considered in salt marsh studies. An irrecoverable consolidation
component resulting from storm surge loading has not been considered in models forecasting
marsh resilience to future sea-level rise (e.g. Schuerch et al., 2018). Therefore, while
sea-level rise and sediment supply are generally considered to be key controls on whether
marshes can persist vertically (Kirwan and Megonigal, 2013), this thesis has highlighted that
such models may be missing key considerations. The role of changes in the magnitude and
frequency of extreme inundation events, (see Oppenheimer et al., 2019), therefore needs to
be considered in terms of the long-lasting effects of marsh surface vertical displacement.
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6.3.3 Substrate behavioural response to changes in moisture content

The following section relates to consistency limit tests undertaken primarily on Tillingham
samples. Such tests could not be consistently performed on Warton samples due to the
non-plastic nature of the sediment (see Fig. 5.38).

While sediment at Tillingham consisted predominantly of silt-sized particles, the consis-
tency limit tests demonstrate that the sediment did not always behave as might be expected
of silty substrates. Although all points in Fig. 5.35 plot close to the A-line, several depict
clay-type behaviour. This is important because, until now, particle size analysis has been
one of the main methods used to define sediment properties in salt marsh and tidal flat
substrates. In the civil engineering/geotechnical literature, it is customary to undertake
plastic and liquid limit tests for fine-grained sediments (defined as >35% clay and silt; Head
1980). However, there is still an overreliance on using particle size data for characterising
substrate composition of intertidal environments, with the exception of a very small number
of studies, which have used consistency limits (Crooks and Pye, 2000; Brain et al., 2011;
Chatagnier, 2012). In order to accurately understand how sediment properties affect salt
marsh resistance, a more appropriate and comprehensive approach to substrate description is
needed, incorporating both substrate composition (particle size analysis) and behavioural
properties (consistency limits). In particular, this will allow an understanding of shrink-swell
behaviour, as determined by the activity and shrinkage characteristics of the substrate. As
noted in section 1.1.4, this will improve understanding of tension crack formation and thus
toppling failures (e.g. Bendoni et al., 2014).

At the time of sampling, the substrate at Tillingham could be expected to behave plasti-
cally and neither catastrophic failure nor flows were expected because the in situ moisture
content generally exceeded the plastic limit but was below the liquid limit (Table 5.13). This
plastic behaviour agrees with the shear box results and further demonstrates that catastrophic
failures are unlikely. Nevertheless, the intertidal nature of the environment means that the
moisture content in the field is likely to vary considerably depending on time within the
spring-neap and daily tidal cycle, and antecedent moisture conditions, due to factors such as
precipitation, temperature, and evapotranspiration.

However, at 0-10 cm depth at the marsh edge and 10-20 cm depth at the creek edge, the
natural moisture content fell slightly below the plastic limit, by 2.6% and 3.2%, respectively.
While this could reflect local conditions, such as little antecedent rainfall and thus dry
sediments, it may also be due to error in the methods. Determination of the plastic limit relies
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on some subjectivity when identifying precisely when the soil has ‘cracked’, so some samples
may be inaccurate to two or three percent, due to between-user differences in identification
of the plastic limit. Similarly, the shift from brittle to plastic, or plastic to liquid behaviour
occurs gradually over an increase in water contents. However the plastic and liquid limits
require an exact value to be attributed to each change. While the plastic limit test can provide
valuable information on soil behaviour, which PSA cannot, users need to therefore be aware
that there is some subjectivity involved in obtaining the results.

Almost all samples were either classed as ‘active’ or as having a ‘high activity’ (>1.25).
Soils with a higher activity generally swell more when wetted, or shrink more during drying,
and this can often be linked to clay mineralogy and the specific surface of the minerals,
as water becomes adsorbed to these surfaces (Table 6.2). For example, while kaolinite
has a low activity of 0.3-0.5, montmorillonite (smectite; as found at Tillingham) has a
high activity of 4-7 (Table 6.2). The samples between 0 and 40 cm depth at the marsh
edge all had a high activity >2, likely reflecting the presence of smectite within the sample.
Similarly high activities were recorded in some creek edge and inner marsh samples, which
could again denote higher smectite contents at these depths. The activity was lower on the
tidal flat compared to the marsh. The marsh samples with a high activity would therefore
be expected to exhibit considerable shrink-swell behaviour following changes in moisture
content, although such shrink-swell behaviour is less evident on the tidal flat.

The liquid limits and activities measured at Tillingham were lower than those found in
other active salt marsh sediments in Essex by Crooks and Pye (2000) (see Table 6.3). The
plastic limits in this study were lower than those measured for the sediments at the active
marshes of Old Hall and Northey, however the marsh edge (0-30 cm depth) and inner marsh
samples were comparable to the measurements taken at N. Fambridge (Table 6.3). While the
plasticity indices measured here were similar to those at Old Hall marsh, they were much

Table 6.2 Specific surface area and activity of common clay minerals. Specific surface values
were obtained from Mitchell and Soga (2005), while activity values were extracted from Day
(2001).

Mineral group Specific surface (m2/g) Activity

Kaolinite 10 - 20 0.3 - 0.5

Illite 65 - 100 0.5 - 1.3

Montmorillonite Up to 840 4 - 7
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Table 6.3 Consistency limits measured at Tillingham marsh (this study), compared to those measured by Crooks and Pye (2000) and
Brain et al. (2011). The initial value denotes the mean value, while those in brackets represent the minimum and maximum values.

Property Tillingham (this study) Data from Crooks and Pye (2000) Brain et al.
(2011)

Tidal Flat Marsh
Edge, 0 -
30 cm

Marsh
Edge, 30 -
60 cm

Creek Inner Old Hall
(Essex)

Northey
(Essex)

N. Fam-
bridge
(Essex)

Tollesbury
(Essex,
R)

Northey
(Essex,
FR)

N. Fam-
bridge
(Essex,
FR)

Littleton
Warth-Low
Marsh
(Severn)

Greatham
Creek

Organics (%) 4.2 (3.9 -
4.5)

7.6 (5.4 -
9.5)

6.5 (5.4 -
8.2)

5.0 (3.0 -
8.5)

8.5 (6.1 -
10.9)

- - - 3.7 (1.9 -
8.5)

4.5 (4.1 -
4.2)

5.2 (3.3 -
6.5)

7.8 (7.1 -
8.5)

24.7 (23.5
- 27.1)

Carbonates (%) 15.2 (13.1
- 16.6)

13.0 (10.5
- 15.0)

14.7 (12.0
- 16.1)

16.4 (12.9
- 19.7)

13.1 (12.1
- 14.2)

- - - - - - - -

Clay (%) 26.4 (21.1-
30.7)

18.6 (9.2 -
25.1)

18.7 (9.0 -
24.3)

26.6 (18.3
- 37.6)

22.4 (18.2
- 26.1)

15.2 10.2 17.4 - - - - 15.8 (14.1
- 17.6)

Silt (%) 60.3 (48.5
- 66.7)

51.0 (38.8
- 63.7)

48.7 (37.7
- 56.2)

57.8 (54.5
- 62.2)

56.1 (52.3
- 59.6)

77.2 71.9 73.5 - - - - 72.0 (68.6
- 74.8)

Sand (%) 13.3 (3.6 -
30.5)

29.4 (11.2
- 52.1)

32.6 (21.0
-53.3)

15.7 (7.9 -
25.1)

21.5 (14.3
- 29.5)

7.6 17.9 9.1 - - - - 12.2 (7.7 -
15.8)

Natural moisture
content (%)

44.6 (39.7
- 47.9)

48.0 (42.3
- 52.7)

47.3 (41.7
- 51.8)

37.7 (33.6
- 45.5)

50.1 (44.2
- 55.7)

84.2
(64.0 -
136.9)

130.4
(116.1 -
147.1)

93.9
(56.8 -
117.5)

34.3
(24.0 -
48.3)

47.6
(44.8 -
52.3)

50.3
(41.3 -
56.8)

47.6 (35.0 -
64.4)

163.8
(137.1 -
216.3)

Liquid limit (%) 69.6 (56.7
- 76.3)

88.8 (71.8
- 117.9)

78.0 (72.7
- 83.3)

83.1 (64.8
- 104.1)

97.6 (84.3
- 111.5)

117.0
(99.5 -
134.5)

138.8
(128.5 -
149.0)

128.8
(125.3 -
135.1)

74.1
(69.5 -
77.3)

87.5
(86.5 -
88.5)

88.6
(78.9 -
99.1)

67.5 (57.3 -
75.4)

96.7 (96.6
- 96.8)

Plastic limit (%) 28.6 (26.2
- 31.5)

41.0 (32.6
- 55.3)

33.0 (31.4
- 35.9)

35.1 (24.3
- 43.8)

41.9 (35.7
- 47.6)

65.0
(61.0 -
66.0)

64.5
(61.0 -
68.0)

42.1
(37.4 -
46.9)

35.8
(35.0 -
37.0)

39.0
(37.5 -
40.5)

39.7
(26.1 -
53.3)

39.4 (36.1 -
47.0)

56.3 (56.1
- 56.6)

Plasticity index 41.0 (30.6
- 48.2)

47.8 (36.8
- 62.6)

45.0 (41.1
- 47.4)

48.0 (40.6
- 60.2)

55.7 (48.5
- 63.8)

52.0
(35.5 -
68.5)

73.9
(60.5 -
87.2)

84.4
(80.6 -
90.2)

38.4
(33.5 -
40.5)

50.5
(46.0 -
55.0)

48.9
(37.9 -
60.6)

27.1 (22.6 -
34.0)

40.4

Activity 1.5 (1.5 -
1.6)

2.8 (2.0 -
4.0)

2.9 (2.0 -
4.6)

2.0 (1.1 -
2.5)

2.6 (1.9 -
3.5)

3.4 7.2 4.9 - - - - 2.6
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lower than those at Northey and N. Fambridge. The liquid limit, plastic limit and plasticity
index presented here from Tillingham marsh, however, are not dissimilar to those reported
for other reclaimed and former reclaimed salt marsh sediments on the Essex coast.

The data presented in this thesis highlight considerable variability in salt marsh substrate
behaviour in response to changes in water content, with such differences in behaviour likely
being related to the size of the clay fraction. Unfortunately, incomplete particle size data
from Crooks and Pye (2000) means that it is not possible to fully compare and understand
the properties (such as the size of the clay fraction) affecting the plasticity index in salt
marsh sediments. However, the plastic limit at Greatham Creek in North East England (Brain
et al., 2011) was consistently higher than at Tillingham (Table 6.3). While both locations are
silt-dominated, Tillingham had a comparatively larger clay fraction (mean clay content of
15.8% at Greatham, compared to 18.6% or greater at Tillingham; Table 6.3). The plasticity
index at Tillingham was similar or slightly higher than at Greatham creek, which links to
the fact that the plasticity index is expected to increase as clay fraction increases (Skempton,
1953).

The results presented in section 5.4.4 imply that the greatest shrinkage could be expected
at the surface (0-10 cm depth) at the marsh edge. The lowest linear shrinkage measured here
(10.77%) was at 0-10 cm depth on the tidal flat, while the highest was at 0-10 cm depth at
the marsh edge (18.10%). With a shrinkage of up to 20% it would not be surprising to see
tension cracks being produced, especially if shrinkage occurs anisotropically. Anisotropic
shrinkage could be expected, given the known variation in particle size and thus permeability
at small (millimetre-centimetre) scales, as well as the presence of roots, which provide
drainage networks by increasing the porosity of the soil (Bendoni et al., 2014). Below 10 cm
depth at all sites there was little variation in linear shrinkage, with measurements recording
shrinkage of around 15%. While this implies that more shrinkage (and thus tension crack
formation) can occur at the surface at the marsh edge than elsewhere on the marsh, it must
also be recognised that the higher root mass content here would likely impede tension crack
development (Bendoni et al., 2014), thus partly reducing the size of any tension cracks which
do form.

The shrinkage limit itself was higher on the tidal flat at Tillingham than at either 0-30 cm
depth or 30-60 cm depth at the marsh edge. Therefore, the tidal flat sediment would reach its
lowest possible volume and transition from a semi-solid to a solid state at a higher moisture
content than the substrate at the marsh edge. The shrinkage limits here (18-22%) are at the
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upper end of other shrinkage limit measurements undertaken on various British clay soils by
Hobbs et al. (2014), who recorded shrinkage limit values between 8% and 25%.

Although drying did occur in the Warton samples during the test, no shrinkage occurred.
This implies that the samples from Warton were either extracted at a moisture content
below their shrinkage limit or that they simply do not shrink during drying. The latter is
unsurprising as shrinkage only occurs in the clay component of a soil (Chertkov, 2007) and
the clay component at Warton was low. Nevertheless, given that tension cracks have been
found at Warton, particularly along the creek edges (Fig. 6.8) and shrinkage behaviour is
known to be one mechanism by which these can form, this could either imply that tension
cracks at Warton form during drying and shrinkage following spring tides or rainfall, or that
factors other than shrinkage are implicit in tension crack formation. For example, this could
include cyclic stress oscillations induced by the tides.

Fig. 6.8 Tension cracks and subsequent toppling behaviour along creek bank at Warton.
Photograph taken by H Brooks on 19/10/2018.

6.4 Summary

Detailed analysis of substrate samples demonstrated considerable variability in marsh sub-
strate composition between these two sites. Tillingham had a finer grain size, higher organic
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content and greater biodiversity in the vegetation canopy than at Warton (Objective 1a). At
Tillingham, the clay mineralogy included some smectite, while Warton had little active clay
content. Vertical variations in particle size were attributed to storm-deposited coarser-grained
layers found particularly at Tillingham marsh edge and creek edge, and the presence of a low
organic, coarser-grained pre-marsh substrate around 2 m below the marsh surface (Objective
1a).

Shear box and ring shear tests were used for the first time on marsh substrates to assess
the bulk resistance of a marsh substrate to shear stress under drained conditions (Objective
1b). The clay mineral content had relatively little influence on the shear strength of the
substrates studied. In contrast, the size and shape of the grains appeared to be important,
as this influenced the void ratio and therefore the effective angle of internal friction. By
comparing peak and residual shear strength, and the peak and residual friction angle, the
influence of roots on shear strength was isolated. The influence of roots on shear strength was
found to be greater in sandy substrates. Consistency limits highlighted that changes in water
content alter the substrate behaviour (Objective 1b). The clay-rich substrate (at Tillingham)
exhibited highly plastic behaviour and underwent considerable shrinkage upon drying while
the sandy substrate (at Warton) was non-plastic and the natural water content was below its
shrinkage limit (i.e. minimal shrinkage resulted). This was linked to tension crack formation
at Tillingham (Objective 1c).

The application of oedometer tests to salt marsh substrates provided, for the first time,
insight into both the magnitude of axial displacement and the recovery potential of two
UK marsh substrates following application of a normal stress, such as hydrostatic loading
during extreme inundation events (Objective 1b). The results presented in this thesis confirm
that the impact of hydrostatic normal loading applied to the substrate, such as the loading
applied during storm surges, is highly site- and event-specific, even within the context
of North West European marshes. At Warton, the substrate would consolidate rapidly in
response to the stress, however the magnitude of consolidation would be small and, following
removal of the stress, the surface would likely dilate to an elevation close to its original. At
Tillingham, however, the substrate may initially resist some of the applied stress, before
eventually exhibiting a standard consolidation phase, encompassing a phase of primary
‘rapid’ consolidation, followed by a phase of secondary ‘creep’ consolidation. Following
removal of the stress, the elevation would likely rise, but only 50-70% of the consolidation
might be recovered (Fig. 5.33).
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Both the expected magnitude of displacement and recovery potential of a marsh substrate
were shown to be affected by substrate composition (organic content and grain size) and
also past stress conditions on the marsh (particularly as a result of desiccation). These
results also provided an insight into marsh substrate response to extreme events (in terms
of the vertical displacement of the marsh surface), and were shown to be tightly linked to
the substrate shear strength through the influence of consolidation on the void ratio. This
understanding means that future models of marsh geomorphological evolution can now
better represent these dynamic responses by including components such as irrecoverable
event-based vertical deformation which, until now, were not understood or even considered.
In doing so, the hydrological, sedimentological and ecological function of marsh systems
will be better understood. In providing these insights, this thesis also challenges existing
studies which often do not fully parameterise these dynamic responses when considering salt
marsh morphodynamics.





Chapter 7

Discussion 2: The use of in situ
measurements to assess marsh behaviour
under applied stress

7.1 Introduction

The previous chapter discussed how the composition of substrates varied between Tillingham
and Warton marshes, as well as the behavioural difference in response to both applied
shear and vertical stress, and also to variations in moisture content (addressing RQ1). These
differences in behaviour were identified using time-consuming, laboratory-based geotechnical
tests, several of which (e.g. the shear box and ring shear tests) had not previously been
applied to salt marsh substrates. However, the time-consuming nature of these tests makes
it impractical to assess the spatial variability in these properties within the marsh, or to run
multiple tests for replication.

Until recently, most measurements of the shear strength of salt marsh substrates have
been based on easily deployed in situ methods, such as vane-based measurements or the CSM.
This chapter explores the comparability of vane measurements (using both a shear vane and
a torvane) and CSM measurements (presented in Chapter 5 and addressing Objective 2a),
using the results to inform future sampling strategies (addressing RQ2).
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7.2 Comparing undrained shear strength results to exist-
ing data on UK coastal wetlands

Undrained shear strength was higher at every sampling site at Warton than those at Tillingham.
This implies that the substrate at Warton is more resistant to rapid stress application, such as
during individual wave impacts. During such rapid stress application, excess pore pressures
cannot be dissipated and the substrate must therefore respond in an undrained manner, thus
resulting in a lower substrate strength than that provided in a drained scenario (see Chapter 6).

The shear vane and torvane apparatus produced different measurements of undrained
shear strength at each sampling location and this could have profound implications for the
understanding of marsh resistance. This also demonstrates the importance of specifying the
specific instruments used in a study. The undrained shear strengths measured here can be
related to known stress applied at the marsh edge from a combination of waves and currents.
Given the mode of failure measured in the vane tests (rotational failure), these tests most
closely relate to block failure rather than grain-by-grain erosion, and could therefore be
compared to wave thrust exerted on the marsh edge. While direct measurements of wave
thrust at Tillingham and Warton are not available, Tonelli et al. (2010) modelled values of
wave thrust on three marsh boundaries (cliffed, ramped and terraced) based on topographical
and hydrodynamical inputs from the Virginia Coast Reserve. In these simulations, wave
thrust did not exceed 3 kPa (or 3 kN/m3) for any modelled tidal elevation (Tonelli et al.,
2010). Over a series of four failures, Bendoni et al. (2014) modelled a stress of up to 25 kPa
at the external (seaward) point of the failure surface and up to 10 kPa on the inner (landward)
point of the failure surface. The maximum wave thrust calculated in Tonelli et al. (2010)
would have been insufficient to produce failure at either Tillingham or Warton marsh edge,
based on both the shear vane and torvane-drived undrained shear strength data. However,
the maximum stress of 25 kPa modelled by Bendoni et al. (2014) for the microtidal Venice
Lagoon exceeds both the mean torvane and shear vane-derived shear strength at Tillingham
marsh edge, but only the mean torvane-derived shear strength at Warton. Therefore, by
assuming that the maximum stress to which the marsh might be exposed could reach 25 kPa,
the choice of device (shear vane or torvane) would affect whether the marsh edge would
be expected to fail. The choice of device therefore introduces additional complexity to the
results and affects whether the marsh edge would be expected to fail under these scenarios. It
is therefore important to understand precisely what each device (shear vane and torvane) is
measuring.
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The results measured here were similar to other studies of undrained shear strength on UK
coastal wetlands. A summary of other studies applying vane apparatus to marsh substrates
in the UK is provided in Table 7.1. Overall, the undrained shear strength at Tillingham
marsh in this study was comparable to other undrained shear strength data from other natural
marshes on the Essex coast of the UK (e.g Crooks and Pye, 2000). Warton marsh sediments
had a higher undrained shear strength, much higher than those marshes on the South coast
(Chen et al., 2012) but not as high as those in the Severn Estuary (Crooks and Pye, 2000).
Measurements of undrained shear strength from the Dee Estuary (see Hope et al., 2020) were
lower at both sandy and muddy sites than at either Tillingham or Warton marsh.

However, existing measurements of the undrained shear strength of UK marsh substrates
were highly variable, ranging between 0.1 and >100 kPa (Table 7.1). Whether this large
range of measurements relates to real differences in the undrained strength of the substrate,
or inconsistent instrumentation used (shear vane vs. torvane, and model of each) remains
to be seen and will be discussed later in this section and also in section 7.3. What is likely,
however, is that this variability in results leads to difficulties in interpreting the results and
identifying potential controls on substrate undrained shear strength.

High variability in results from existing studies could relate to the inconsistent use of
apparatus. Several existing studies used a Pilcon vane (similar to, but not the same as,
the Geonor shear vane apparatus used here). The Pilcon vane has been used to measure
undrained shear strength of the Peterstone Wentlooge mudflat, Severn Estuary (Mitchener
and O’Brien, 2000), Skeffling mudflat, Humber Estuary (Whitehouse et al., 2000), three
tidal flats on the southern side of the Severn Estuary (Underwood and Paterson, 1993),
Welwick marsh, Humber Estuary (Brown et al., 1999), Brancaster managed realignment
site, North Norfolk (Davy et al., 2011) and at two ’sandy’ sites and one ’muddy’ site in the
Dee Estuary (Hope et al., 2020; Table 7.1). However, all of these studies recorded a lower
undrained shear strength compared to an equivalent substrate type (tidal flat vs salt marsh) at
Tillingham and Warton, despite variability in substrate properties (marsh vs tidal flat, sandy
vs muddy; see Table 7.1). It could therefore be that the Pilcon hand vane underestimates
undrained shear strength compared to the Geonor shear vane. Outlining and understanding
these methodological disparities is key to ultimately understanding the variation in undrained
shear strength between marshes.
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

This study

Geonor H-60
handheld vane tester

Tillingham Marsh,
Dengie Peninsula,
Essex

Tidal Flat, Marsh
Edge, Creek Edge
and Inner Marsh sites

Torvane:
Tillingham:
Tidal Flat:
6.36 ± 1.45

Eijkelkamp pocket
vane tester

Warton Marsh,
Morecambe Bay

Marsh Edge:
11.16 ± 2.15
Creek Edge:
11.91 ± 2.52
Inner Marsh:
13.41 ± 1.74
Warton:
Tidal Flat:
7.41 ± 1.55
Marsh Edge:
14.22 ± 1.66
Creek Edge:
14.97 ± 1.51
Inner Marsh:
14.72 ± 1.98

Shear vane:
Tillingham:
Tidal Flat:
11.67 ± 1.13

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

Marsh Edge:
21.75 ± 5.08
Creek Edge:
34.10 ± 2.48
Inner Marsh:
26.72 ± 4.80
Warton:
Tidal Flat:
20.13 ± 4.59
Marsh Edge:
69.92 ± 10.49
Creek Edge:
64.43 ± 11.52
Inner Marsh:
59.60 ± 8.90

Underwood and
Paterson (1993)

Pilcon shear vane Intertidal mudflats at
Sand Bay, Portishead
and Aust, southern
side of the Severn
Estuary

Measured upper, middle
and lower flats at each
site.

All measurements were
less than 8 kPa (at all
sites)

Algal biomass was strongly
correlated with sediment shear
strength

Aust:
Treated sites at Aust
were treated with a
weekly formaldehyde
application

Mean (standard
deviation) of substrate
shear strength

Treated sediments became
compacted (partly because
bioturbation could not occur
and sediment) shear strength

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

Upper: increased (in the upper and
middle flats)Treated:

1.96 (0.89)
Untreated: Sediment shear strength was

negatively correlated with
water content

1.18 (0.56)
Middle:
Treated:
1.67 (0.77)
Untreated:
0.82 (0.53)
Lower:
Treated:
0.74 (0.66)
Untreated:
0.33 (0.55)

Wiese et al.
(1995)

In situ 3.25 x 2.00
mm surface vane and
two in situ depth
vanes of 1.0 x 4.0 cm
and 1.2 x 5.0 cm
paddles

Bridgewick farm,
Dengie marsh, Essex

Transect from
landward to seaward
at each site

Dengie:
Vegetated salt marsh:
8-154 KNM*
Mudflat/creek bank:
<1 – 56 KNM*
Little Oakley:
Vegetated salt marsh:
<1 – 36 KNM*
Mudflat/creek bank:

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

<1 – 1 KNM*
Stiffkey:
Vegetated salt marsh:
134 – 302 KNM*
Mudflat/creek bank:
92-298 KNM*

Brown et al.
(1999)

Pilcon hand vane Welwick marsh,
Humber Estuary

0 - 8 kPa (50-150 m
from marsh edge)

Sediment shear strength
declined when sediment was
deposited, possibly reflecting
newly-deposited,
unconsolidated sediments

Crooks and Pye
(2000)

ELE Field Inspection
Vane (range 0-200
kPa; similar to
Geonor)

Natural marshes: Average (minimum:
maximum) of
values measured:

(Former) reclaimed marshes in
Essex had a higher shear strength
and bulk density than active
marshes.

North Fambridge, Essex
Natural marshes:

Northey Island, Essex North Fambridge,
Essex: At Old Hall marsh, shear strength

decreased slightly with depth in
the upper 55 cm, before increasing
again.

Old Hall, Essex 13.8 (10.5: 17.5)
Northey Island, Essex:

Littleton Warth,
Severn Estuary

15.6 (11.6: 20.0)
Old Hall, Essex:

(Former)
Reclaimed
marshes:

19.5 (14.7: 27.8) At Tollesbury, strength decreased
from the surface to 50 cm depth.Littleton Warth,

Severn Estuary: continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

Differences between active and
reclaimed marsh sediments at
Tollesbury were due to dewatering
and consolidation

Tollesbury, Essex Lower marsh:
41.5 (23.0: 76.1)

Northey Island, Essex Intermediate marsh:
95.4 (75.1: 109.4)

North Fambridge, Essex Upper marsh: Northey Island regenerated
sediments had a very low shear
strength, low bulk and dry density,
high porosity and high moisture
content. Below the discontinuity
marking the former marsh surface,
the shear strength was higher.

83.9 (57.9: 106.2)
Slimbridge Warth,
Severn Estuary
(reclaimed in 14th,
18th and 19th
Century)

(Former) reclaimed
marshes:
Tollesbury, Essex:
116.8 (57.5: 186.3)
Northey Island, Essex:
78.5 (77.5: 79.6) At North Fambridge, the naturally

regenerated marsh has a low
undrained shear strength

North Fambridge,
Essex:
71.3 (65.0: 77.3)
Slimbridge Warth,
Severn Estuary:

Shear strength is affected by
factors which influence
consolidation and dewatering14th Century:

65.9 (58.4: 70.0)
18th Century: The Essex marshes have lower

undrained shear strength than the
Severn marshes.

89.2 (71.2: 109.7)
19th Century:

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

99.8 (66.4: 122.4) Regenerated marshes have lower
shear strengths than active
marshes

Mitchener and
O’Brien (2000)

Pilcon vane Peterstone
Wentlooge mudflat,
Severn estuary

Transect from
landward (A) to
seaward (C/D)

Site A: 0.5 - 5.6 Shear strength increased as mean
monthly temperature
increased-possibly linked to
consolidation in spring/summer

Site B/C: 16.8
Site C: 0.1 – 1.0
Site C/D: 0.4 – 1.8

Whitehouse et al.
(2000)

Pilcon shear vane and
H60 Geonor vane tester

Skeffling mudflat,
Humber Estuary

Transect from landward
(A) to seaward (C/D)

Station B: Sediment strength was almost
twice as high on the ridges as in
the runnels

1.6 – 4.8 kPa across a
ridge-runnel transect

Station A: Substrate strength increased with
time after emersion<0.6 kPa at the surface

<0.65 kPa at 2 cm depth

Station A/B:
<0.3 kPa in a trough
0.3-0.9 kPa on a crest

Davy et al. (2011)
Hand vane (Pilcon,
Stevenston, UK;
range 0-118 kPa)

Brancaster managed
realignment site, North
Norfolk, four years
after tidal reactivation

208 points covering
the entire site

Range: 1.0 - 60.5 Suaeda maritima had a lower
abundance when undrained shear
strength was lower95% of values were

between 1 kPa and
22.9 kPa

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

Chen et al.
(2012)

Geotest E-285 pocket
vane

Exbury marsh,
Beaulieu Estuary, S.
England

Sampling from two
creek banks, one
colonised by Juncus
maritimus and one by
Atriplex portulacoides

Juncus maritimus: The Juncus maritimus bank had a
higher vane shear strengthLaboratory:

∼ 5-8 kPa
In situ: Vertical variation in shear strength

was affected by roots and algae∼ 2-11 kPa

Sampling on cores in
the labs and also in situ

Atriplex portulacoides: Shear strength decreased between
0 cm and 35 cm depth, reflecting
the reduction in root density.
Shear strength increased below 35
cm depth, due to consolidation.

Laboratory:
∼ 4-9 kPa
In situ:
∼ 2-11 kPa

Strength increased seasonally,
when algae was present

Brooks et al.
(2015)

Exact model not noted,
but states “hand-held
shear vane with a
precision of <1 kPa.
Where the readings
exceeded the maximum
value on the scale
(>100 kPa), a value of
120 kPa was used in the
statistical calculations.”

Abbotts Hall Managed
Realignment site and
Natural marsh, Essex,
UK

Measurements from
(a) Non-engineered
part of restored salt
marsh, (b)
engineered part of the
restored salt marsh,
(c) reference site

Mean (range) of
measurements:

Soil shear strength increased as
elevation increased on the
reference marshNon-engineered part

of restored salt marsh:
100 (56 - >100) kPa The substrate on the restored

marsh had higher shear strength
and lower water and organic
contents than on the reference site.

Engineered part of
restored salt marsh:
75 (3 - >100) kPa
Reference site:

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

43 (3 - >100) kPa

Cousins et al.
(2017)

Pocket vane (Model
16-T0174)

Langenhoe marsh,
Essex

Measured strength of
engineered terraces
(created by the
Environment Agency)

Langenhoe: Sediment shear strength affects
plant colonisation (plant species
richness was positively related to
sediment shear strength)

Terrace L1
2.23 ± 0.34 Pa

Tollesbury marsh,
Essex

Terrace L4
5.33 ± 0.80 Pa

Wellhouse marsh,
Essex Tollesbury:

Terrace T2
2.84 ± 1.06 Pa
Terrace T1
3.67 ± 0.69 Pa

Wellhouse:
Terrace W3
2.75 ± 0.31 Pa
Terrace W5
4.28 ± 0.51 Pa

Hope et al. (2020)
Pilcon shear vane Between Hilbre

Island and West
Kirby, Dee Estuary,
North West England

Three sites, two of
which were composed
of sand-sized sediment,
and one of which was
composed of muddy
sand

Median (IQR) of
readings:
Sandy site 1:
14.5 (8.9 – 16.7)

continued on next page...
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Table 7.1 Summary of other vane-based measurements of salt marsh or tidal flat substrate undrained shear strength in the UK.

Study Vane Used Marsh Location Sampling Site
Description

Undrained Shear
Strength (kPa)

Notes

Sandy site 2:
6.8 (5.5 – 12.5)
Muddy site:
13.2 (9.0 – 18.0)

* denotes that measurements were recorded in KNM. It was unclear how this relates to Pa.
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Despite the inconsistent use of apparatus, high variability in existing measurements of
marsh undrained shear strength could also reflect diverse substrate properties and thus real
differences in substrate strength. For example, Chen et al. (2012) used a Geotest E-285
vane, similar to the torvane used in this study to measure creek bank strength at Exbury
marsh, Beaulieu Estuary, southern England. The undrained shear strength at Exbury marsh
was lower than torvane measurements at Warton marsh and, mostly, lower than torvane
measurements at Tillingham marsh (Table 7.1). Chen et al. (2012) recognised that vertical
variability in undrained shear strength was influenced by root density, algae content and
also consolidation. It is likely that these three factors control, at least to some extent, the
undrained shear strength measured in all existing studies. The effect of substrate composition
on undrained shear strength measurements in this study is further discussed in section 7.5.

Variability in the strength of reclaimed marshes may also link to marsh substrate compo-
sition. Davy et al. (2011) measured a lower undrained shear strength at Brancaster managed
realignment site in North Norfolk, four years after tidal reactivation, than at either Warton
or Tillingham marsh (Table 7.1). This contrasts with the data from Crooks and Pye (2000),
which indicated a higher undrained shear strength in reclaimed marshes than at Tillingham
or Warton marsh (Table 7.1). However, the reclaimed marshes in Crooks and Pye (2000)
were ‘older’ reclaimed marshes, with those on the Severn Estuary having been reclaimed as
early as the 14th Century. Substrates would therefore have undergone more autocompaction
and consolidation, as well as have denser vegetation colonisation, than those at Brancaster,
both of which are expected to increase the undrained shear strength (see above). This again
highlights that consolidation, which is known to occur over time after breaching (e.g. Spencer
et al., 2012), may influence marsh substrate shear strength, when measured using a shear
vane.

While the undrained shear strength at Tillingham and Warton was comparable to other
UK coastal wetlands, this section has highlighted that, despite large quantities of undrained
shear strength measurements from UK marshes and tidal flats, the results are complex
and sometimes conflicting. Various different properties have been noted to affect undrained
strength (e.g. roots, algae, consolidation; Chen et al., 2012). These links to marsh composition
and contextual factors are addressed further in section 7.5.



292 Discussion 2: In situ measurements to assess marsh behaviour under applied stress

7.3 Comparability of shear vane and torvane results

Both shear vane and torvane devices have been used interchangeably in salt marsh studies.
This study was the first to compare both methods and their results (addressing Objective
2c). However, section 7.2 highlighted both the complexity of existing studies and also the
lack of existing comparisons between different instruments (e.g. shear vane compared to
torvane). Likewise, the results presented in section 5.5 demonstrate that these two methods
can record different undrained shear strength values in the same substrate. For example,
while the shear vane recorded a mean undrained shear strength at Warton marsh edge of
69.92 kPa, the torvane recorded an undrained shear strength of 14.22 kPa at the same location
(Table 5.15). If studies are to continue using both shear vanes and torvanes, it is important to
understand why these differences in absolute values were recorded. This section assesses
possible reasons for the differences in results between the two instruments, and identifies a
method to compare between the two.

The shear vane consistently recorded a higher shear strength than the torvane. This is
likely linked to the area of the blades on the two devices, for which the shear vane meets the
strict British Standard requirements for blade size (see BSI, 1990f), whereas the torvane does
not. Each individual blade on the shear vane has area of 637.5 mm2, 400 mm2 or 256 mm2,
depending on whether the large, medium or small head is used, respectively. In contrast,
the largest torvane blades on the largest head (the large head contains two blade sizes) have
an area of 108 mm2 each. The larger blades on the shear vane are therefore likely to come
into contact with both soil and roots as they push through the substrate. Given the relatively
large blade size on the shear vane (see Fig. 4.10), roots will become caught by the paddles
and will be unable to move out of the way. As such, the movement of the blades would be
resisted until the tensile strength of the roots has been reached and the substrate subsequently
failed. When undertaking the test in the field, it was possible to feel the roots snapping
under the pressure applied by the blades. Mean tensile strength provided by individual
roots from five species at six Louisiana salt marshes was measured as 2.9 ± 0.45 N (Hollis
et al., 2018). If scaled up for all roots within the vane footprint, the influence of root tensile
strength could be considerable, depending on root density. While tensile strength would
differ in relatively organic-poor UK marshes, the provision of tensile strength by roots is
well-documented across a range of environments and conditions (e.g. Genet et al., 2005; De
Baets et al., 2008; Vannoppen et al., 2015). This addition of tensile strength from the roots
will therefore increase the undrained shear strength recorded by the shear vane, relative to
that of the sediment alone. In contrast, the action of the smaller torvane blades results in the
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deflection of roots, so the measured undrained strength determined by the torvane was lower
than that recorded by the shear vane. The difference in the footprint of the vane blades for
the different heads for the shear vane or torvane could further affect the influence of roots,
with larger heads being more influenced by roots than smaller heads. This is particularly
important in the highly heterogeneous sediment found in salt marshes, and explains why the
shear vane recorded a higher substrate shear strength than the torvane.

The role of roots seems a plausible explanation for differences between the shear vane
and torvane results. This study measured root mass, which provided valuable insights into
variations in the mass of dry roots per mass of dry soil with depth, and complemented the
sedimentological and geotechnical focus of this research. While the correlation between the
difference between shear vane and torvane measurements at was good at Warton (Pearson
correlation coefficient = 0.64; Fig 5.58) there was a negative correlation at Tillingham
(-0.45; Fig. 5.57). The Tillingham data was heavily influenced by one particularly high
root mass value recorded at the marsh edge, which resulted in a negative correlation being
recorded. The highly variable root mass data from Tillingham therefore limited the ability to
quantitatively understand the impact of roots on in situ measurements. However, at Warton,
the monospecific vegetation canopy with decreasing root mass with depth allowed a better
quantification of the effect of roots on undrained shear strength measurements by minimising
the impact of species variability. The dry root mass data will therefore have reflected the
number of roots intersecting the failure plane (which is important for substrate strength; Van
Eerdt, 1985b). The data at Warton therefore clearly indicate that roots could be contributing
to the difference in undrained shear strength quantification by the shear vane and torvane.
The impact of roots on vane measurements is discussed further in section 7.5.

Notwithstanding the differences between the shear vane and torvane instruments, undrained
shear strength was consistently higher at Warton than at Tillingham, and this difference was
particularly noticeable in the shear vane data (Fig. 5.40). Again, this could be linked to the
role of roots. At Warton, the root mat is composed of individual fine roots (generally <1
mm diameter) from Puccinellia maritima, which meander through the sediment and which
are densely packed. In terrestrial systems, roots with a smaller diameter generally have
a higher tensile strength than those with a wider diameter (Mao et al., 2012) due to the
lower cellulose content of thicker roots (Genet et al., 2005). While root diameter (as well as
root cross-sectional area and volume) has been positively correlated with tensile strength in
highly organic Louisiana salt marshes, this association relates to root diameter at the point of
failure, which is likely different from the initial or post-failure root diameter (Hollis et al.,
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2018). Root structures which ‘branch’ through a substrate have also been shown to have a
higher tensile strength than those with unbranched paths (Mickovski et al., 2007), which
could further explain the higher undrained shear strength at Warton. The dense root mat
would be expected to interact with the shear vane paddles more, and also more consistently,
than the less dense root mat with individual, thicker roots, as found at Tillingham (Fig. 7.1).
Therefore, if the vane measurements, and the shear vane in particular, are measuring the
combined influence of the roots and sediment on undrained shear strength, the smaller root
diameter, tortuous root paths and densely-packed roots at Warton would explain the higher
undrained shear strength at Warton compared to Tillingham.

Fig. 7.1 Schematic (not to scale) to show how shear vanes and torvanes interact differently
with the roots at Tillingham and Warton, and how this interaction likely depends on root
structure, density and diameter.

Future work should therefore focus on the root structure and the density distribution of
roots within the soil, alongside the stiffness or tensile strength of roots and therefore the
resistance such roots could potentially provide to torque applied by the vane blades. To
quantitatively assess the validity of the hypothesis that root tensile strength increases the
undrained shear strength measured by the shear vane apparatus, the tensile strength of both
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individual and groups of roots would need to be recorded. This would need to include a
variety of species, depths and locations (e.g. creek edge, pool, marsh edge), as these have
different conditions (e.g. drainage, which can thus affect decomposition and therefore root
tensile strength). An indication of the belowground root structure at each location would also
be beneficial, for example through the use of micro-CT scanning techniques (for example,
Spencer et al., 2017). It is recommended that future research adopts such a methodology.

Given the recorded differences between models of vane apparatus, this thesis has devel-
oped a conversion factor which can convert between shear vane and torvane measurements
in the existing literature Fig 5.43. The conversion works well across sites of contrasting
sediment composition. It is therefore recommended that future studies employ this, and
similar, conversion techniques, to ensure maximum comparability of measurements (see
Chapter 9).

This section has highlighted that vane-based measurements of undrained shear strength,
and particularly those measured by the shear vane, are influenced by biological material.
This agrees with other studies, which have also found that fine roots in samples can affect
the vane-derived shear strength (Gyssels et al., 2005; Grabowski, 2010). This is as expected,
as this reflects the natural substrate composition and how the substrate may behave during
bulk failure processes. However, the existence of these differences between shear vane and
torvane-derived substrate undrained shear strength (where the shear vane records a higher
undrained shear strength and appears to be influenced more by roots) mean that those using
these methods should be more open about the precise models used and also should be more
aware of the likely influence of substrate properties. This is discussed further in section 7.5.

7.4 Comparing erosion threshold results to existing CSM
data on coastal wetlands

Comparisons between the data measured in this study and published data use the horizontal
shear stress applied when light transmission falls to 90% of the initial value as the erosion
threshold for two reasons: (1) this is the value used in most published studies and (2) it
reduces the spread in the data (see Chapter 5).

The measured erosion threshold (using 90% of initial transmission, in line with other
studies) at Tillingham (1.40 N/m2) was considerably higher than at Warton (0.47 N/m2). The
Tillingham substrate could therefore withstand a higher shear stress than the substrate at
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Warton. Tillingham substrates exhibited a higher variability in erosion threshold than those at
Warton, implying that substrate composition was more variable at Tillingham. For example,
this could reflect the higher coefficient of variation in clay, silt and sand at Tillingham than at
Warton (see Tables 5.1 and 5.3). The suspension index was also lower at Tillingham (mean
= 5.13) than Warton (mean = 5.50). This implied that, once erosion had started, erosion
occurred at a slower rate at Tillingham than at Warton.

Measurements of erosion thresholds on tidal flat and salt marsh surfaces are often made
to inform geomorphological models and theories in order to better understand whether and
under what hydrodynamic conditions erosion may occur. It is thus instructive to relate the
erosion thresholds recorded here to the shear stresses that can be generated by the flow of
water from a combination of waves and currents. The erosion threshold data most closely
relate to grain-by-grain erosion processes, rather than block failure. Grain-by-grain erosion
is forced by the exceedance of bed shear stress in these environments through the action of
water. The erosion thresholds measured here are generally higher at Tillingham and lower at
Warton marsh edge than recorded tide- or wave induced bed shear stresses in other coastal
wetland studies.

For example, measurements of wind wave- and current-induced bed shear stresses in the
Westerschelde, the Netherlands did not exceed 0.4 Pa between 2005 and 2008 (Callaghan
et al., 2010). The bed shear stresses measured here would not exceed the erosion threshold
at Tillingham sampling locations, however would exceed the erosion threshold at Warton
marsh edge (but not those at the creek edge and inner marsh). While Zhu et al. (2019)
measure bed shear stresses due to the combination of waves and tides in the Westerschelde
reaching up to 2.5 Pa, these measurements were from the tidal flat, where less dissipation will
occur compared to on the marsh surface. Similarly, storm waves associated with Hurricane
Katrina are thought to have generated bed shear stresses of 0.425 – 3.6 kPa over Mississippi
delta wetlands (Howes et al., 2010), a stress which would erode all sampling locations at
Tillingham or Warton. However, modelling demonstrates that Hurricane Katrina passed
through these wetlands with a peak storm surge of 4.4 m and significant wave heights of up
to 2.1 m (Howes et al., 2010). This is far higher than the wave heights and surge residuals
noted in Chapter 3 for either Tillingham or Warton, so the shear stress expected at Tillingham
and Warton is likely lower, especially since both field sites have extensive tidal flats offshore
which can dissipate wave energy. However, the heterogeneity of the substrate must be
acknowledged, with some locations being up to an order of magnitude weaker than the
mean value (Table 5.17). Given that topographic irregularities induce turbulence (Tolhurst
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et al., 2000a), these more erodible locations could contribute to larger scale marsh erosion.
Therefore, while mean values of the substrate erosion threshold at Tillingham imply that the
substrate would rarely erode under observed hydrodynamic forcing, it is conceivable that
local areas of weakness may erode and thus induce turbulence which further increases the
applied shear stress. This is discussed further in Chapter 8.

7.4.1 UK marsh substrates

The data presented here were lower than some existing UK marsh measurements of the shear
stress required for erosion, but similar to others. A summary of other studies applying the
cohesive strength meter to UK marsh substrates is provided in Table 7.2. Overall, the erosion
thresholds at Tillingham (mean = 1.40 Pa) and Warton (0.47 Pa) were least similar to those
in the Dee Estuary (mean = 4.4 - 12.1 kPa), which covered both ’sandy’ and ’muddy’ sites
(Hope et al., 2020) and to those on the Medmerry managed realignment site (0 - 900 Pa; Dale,
2018; Table 7.2). Studies focussing on substrates at Tollesbury marsh and Exbury marsh
recorded a critical erosion shear stress slightly higher (1.53-8.70 Pa) than at Tillingham and
Warton (Watts et al., 2003; Chen et al., 2011; Chen et al., 2012; Table 7.2). In these studies, it
was also determined that flow-derived applied shear stresses in the field would be insufficient
to erode the creek banks (Chen et al., 2011; Chen et al., 2012). The erosion threshold at
Tillingham was most similar to the lower elevation managed realignment sampling site at
Tollesbury (Watts et al., 2003). The erosion threshold at Warton was an order of magnitude
lower than most existing erosion threshold data, implying high vulnerability to erosion by
bed shear stresses.

Only one other study was found to have measured the suspension index on a UK marsh,
but values of the suspension index at Tollesbury were all lower than at Tillingham or Warton
(Watts et al., 2003; Table 7.2), implying slower erosion of the surface at Tollesbury once
the erosion threshold is reached. As such, substrates at Tollesbury would begin to erode at a
higher shear stress, and would erode slower than those at Tillingham and Warton. This is
particularly interesting, and highlights the need for more studies to measure the suspension
index in conjunction with the erosion threshold on UK marsh surfaces.
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Table 7.2 Summary of other CSM measurements of salt marsh or tidal flat erosion threshold in the UK

Study Test Regime
Used

Marsh Location Sampling Site
Description

Critical Erosion Shear Stress Notes

This Study Fine 1 Tillingham Marsh,
Dengie Peninsula,
Essex

Tidal Flat, Marsh Edge,
Creek Edge and Inner
Marsh sites

Mean (standard deviation) of
measurements
Tillingham:
50% of initial transmission
Tidal Flat: 6.08 (1.58) Pa

Warton Marsh,
Morecambe Bay

Used both 50% and
90% of initial light
transmission as the
threshold

Marsh Edge: 2.04 (1.43) Pa
Creek Edge: 2.56 (1.79) Pa
Inner Marsh: 4.62 (2.31) Pa
Overall Suspension Index: 1.35 (1.85)

90% of initial transmission:
Tidal Flat: 3.52 (1.52) Pa
Marsh Edge: 0.53 (0.75) Pa
Creek Edge: 0.89 (0.92) Pa
Inner Marsh: 1.65 (0.94) Pa
Overall Suspension Index: 5.13 (8.10)

Warton:
50% of initial transmission:
Tidal Flat: 0.57 (0.48) Pa
Marsh Edge: 1.25 (0.78) Pa
Creek Edge: 1.94 (0.54) Pa
Inner Marsh: 1.56 (0.65) Pa
Overall Suspension Index: 3.38 (2.26)

continued on next page...
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Table 7.2 Summary of other CSM measurements of salt marsh or tidal flat erosion threshold in the UK

Study Test Regime
Used

Marsh Location Sampling Site
Description

Critical Erosion Shear Stress Notes

90% of initial transmission:
Tidal Flat: 0.14 (0.20) Pa
Marsh Edge: 0.17 (0.24) Pa
Creek Edge: 0.89 (0.35) Pa
Inner Marsh: 0.60 (0.38) Pa
Overall Suspension Index: 5.50 (4.95)

Watts et al.
(2003)

Sand 7 and Sand
9

Tollesbury, Essex Assessed a natural
marsh site ’SM’

SM: Resistance to erosion increased as
bulk density increased and water
content decreased

Sand 9:
2.45 ± 0.67 Pa

Plot FL is on the
managed realignment
site but has not been
covered by accreted
sediment

Suspension index: 1.06 ± 0.42
Substrates with a high shear
strength generally had a high
critical erosion shear stress

FL:
Sand 9:
6.23 ± 0.59 Pa
Suspension index: 0.285 ± 0.14

Plot 3, 4 and 5 are on the
managed realignment
site and increase in
elevation from 3 to 5

Plot 3:
Sand 9:
1.53 ± 0.56 Pa
Suspension index: 4.15 ± 1.44
Sand 7:
1.74 ± 0.89 Pa
Suspension index: 3.78 ± 0.72

continued on next page...
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Table 7.2 Summary of other CSM measurements of salt marsh or tidal flat erosion threshold in the UK

Study Test Regime
Used

Marsh Location Sampling Site
Description

Critical Erosion Shear Stress Notes

Plot 4:
Sand 9:
1.93 ± 0.19 Pa
Suspension index: 3.38 ± 0.64
Sand 7:
1.71 ± 0.98 Pa
Suspension index: 3.48 ± 0.76

Plot 5:
Sand 9:
3.03 ± 0.31 Pa
Suspension index: 2.01 ± 0.45
Sand 7:
2.65 ± 0.80 Pa
Suspension index: 1.76 ± 0.20

Chen et al.
(2011)

Doesn’t say Exbury marsh,
Beaulieu estuary,
southern England

Measured erosion
threshold at the base of
the cantilever and on the
creek bank

Mean of 4.8 Pa at cantilever base Flow-derived applied shear
stresses were insufficient to erode
the creek banksMean of 1.8 Pa on creek bank

Chen et al.
(2012)

Doesn’t say Exbury marsh,
Beaulieu estuary,
southern England

Measured erosion
threshold at 10 cm depth
intervals from both a Sea

Mean (standard deviation) of
measurements). Note: The raw data
are not included in the paper

Higher average erosion threshold
from the Sea Purslane bank n.B.
the Sea Rush bank had a higher

continued on next page...
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Table 7.2 Summary of other CSM measurements of salt marsh or tidal flat erosion threshold in the UK

Study Test Regime
Used

Marsh Location Sampling Site
Description

Critical Erosion Shear Stress Notes

Purslane (Atriplex
portulacoides) and Sea
Rush (Juncus maritimus)
bank, in the field and in
the lab from a core

(only normalised data), so these
were obtained directly from Yining
Chen (lead author)

vane-derived undrained shear
strength

Vertical variations in the erosion
threshold were affected by roots
and algae

Sea Purslane Bank:
Field: 6.52 Pa (3.20 Pa)
Core: 8.70 Pa (3.17 Pa)

Sea Rush Bank:
Field: 2.31 Pa (1.28 Pa)
Core: 6.77 Pa (3.24 Pa)

Dale (2018) Medmerry Managed
Realignment site,
southern England

0-900 Pa Only found weak relationships
between critical erosion shear
stress and the sediment parameters
at some sites

Critical erosion shear stress was
higher and more variable in
summer than winter

Hope et al.
(2020)

Doesn’t say Between Hilbre
Island and West
Kirby, Dee Estuary,
North West England

Chose three sites, two of
which were composed of
sand-sized sediment, and
one of which was

Median (IQR) of readings: Biological properties associated
with microphytobenthos
significantly influence the
short-term variability in the

Sandy site 1:
12.1 (8.8 – 17.5) kPa

continued on next page...
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Table 7.2 Summary of other CSM measurements of salt marsh or tidal flat erosion threshold in the UK

Study Test Regime
Used

Marsh Location Sampling Site
Description

Critical Erosion Shear Stress Notes

composed of muddy
sand

Sandy site 2: erodibility of different surface
sediments4.4 (1.8 – 6.7) kPa

Muddy site:
5.4 (3.3 – 11.5) kPa
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Just as with measurements of undrained shear strength, the erosion threshold is likely
influenced by substrate composition. For example, Watts et al. (2003) were able to relate
their measurements to substrate properties and found that the resistance to erosion increased
as bulk density increased and water content decreased. Similarly, vertical variations in the
erosion threshold were attributed to differences in root distribution and algae content (Chen
et al., 2012). While these properties are known to vary locally within a marsh (e.g. Watts
et al., 2003) and also seasonally (Gao and Zhang, 2006), the local and regional setting is also
known to affect factors such as water content and bulk density, potentially to a greater extent
than seen in local within-marsh variations. This was highlighted by the comparison in this
thesis, where within-site variation in substrate composition was far lower than between site
variation (Table 5.2). This relatively low variability in substrate composition within a marsh
may explain why relationships between substrate composition and the erosion threshold are
sometimes not found within individual marshes.

For example, Dale (2018) found only weak relationships between critical erosion shear
stress and sediment parameters at some sites within Medmerry managed realignment site.
However, Dale (2018) did find a higher and more variable critical erosion shear stress in
summer than winter (Table 7.2). This suggests that the comparable standard deviations for the
measurements obtained at Tillingham and Warton (reaching 1.52 Pa on Tillingham tidal flat)
when compared to other studies (e.g. Watts et al., 2003; Chen et al., 2012; Table 7.2) could
relate to the fact that sampling was mainly undertaken in Autumn. Of course, more variable
measurements in summer could partly link to changes in bulk density or water content (see
Watts et al., 2003) or root distribution and algae content (Chen et al., 2012) during summer,
therefore reflecting differences in substrate composition (some of which were not measured
by Dale, 2018).

Erosion threshold measurements at Tillingham and Warton marsh were comparable to
some existing measurements, but an order of magnitude lower than others. Existing erosion
threshold measurements on marsh surfaces are thus highly variable. One explanation is that
such variability could reflect the influence of marsh substrate composition (e.g. roots, water
content, bulk density) on the erosion threshold. However, some studies have struggled to
find relationships between substrate composition and the erosion threshold at the scale of a
single marsh. These links between marsh substrate composition and the erosion threshold
are therefore addressed further between Tillingham and Warton in section 7.5.
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7.4.2 UK tidal flat substrates

Most UK-based studies using the CSM have been undertaken on tidal flats, where the erosion
threshold has been recorded at values comparable to those at Tillingham and Warton. Erosion
thresholds on UK tidal flats have been measured as 0.01 – 1.25 Pa on the Skeffling mudflats,
Humber Estuary (Tolhurst et al., 2000b; Tolhurst et al., 2000a), 1.0 – 8.0 Pa on mudflats in
the Severn Estuary (Underwood and Paterson, 1993), 0.1 – 9.1 Pa on tidal flats in the Eden
Estuary, Scotland (Defew et al., 2002), 0.31 – 0.52 Pa in Southampton Water (Friend et al.,
2005) and 0.07 – 4.74 Pa in Cornish and Devon estuaries (Widdows et al., 2007). In general,
therefore, tidal flat substrates are more erodible than marsh substrates. This agrees with the
results from Warton presented here, where the mean erosion threshold on the tidal flat was
1.45 kPa, compared to 1.83 kPa at the marsh edge (Table 5.18).

The Tillingham tidal flat did not have a lower erosion threshold than the marsh edge, and
this likely relates to sampling strategy. Those substrates which are drier, such as those further
landward within the tidal flat, or situated on crests in the morphology, tend to have a higher
erosion threshold than those further offshore (Underwood and Paterson, 1993; Paterson et al.,
2000; de Deckere et al., 2001). This could be linked to drainage, with macrobenthos (which
tends to increase onshore on the tidal flat) increasing the porosity (and thus drainage capacity)
of the substrate (e.g. Paterson et al., 2000). The six measurements from the Tillingham tidal
flat consisted of two main sampling points, with three replicate measurements taken at each
location. These measurements were taken from the ridge crest and the side of the ridge, but
measurements could not be taken from the runnel due to the surface ‘sludge’ layer, which
prevented there being at least 70% light transmission in the water at the start of the CSM test.
As such, the measured locations (on, or part way up, a crest) were likely drier, and this could
explain the higher erosion threshold. The location of sampling on, and close to, the crests,
could therefore explain the higher erosion threshold recorded on the tidal flat at Tillingham
compared to on the salt marsh.

7.4.3 Marsh and tidal flat substrates worldwide

Erosion thresholds on other North West European tidal flats, and also on the East coast of
the USA are comparable to those at Tillingham and Warton. Erosion thresholds on tidal
flats have generally been found to be under 10 Pa, with studies in the Westerschelde, The
Netherlands finding erosion thresholds of 0.5-9 Pa (Defew et al., 2002), <6 Pa (Smith et al.,
2004) and studies in the Sydney harbour estuary recording erosion thresholds of <0.9 Pa.
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Erosion thresholds are, however, variable, and have been measured at 120-380 Pa in Plum
Island Sound, Massachusetts (Fagherazzi et al., 2017). While most intertidal mudflat erosion
threshold measurements noted above are still comparable to those measured at Tillingham
and Warton, the measurements at Tillingham and particularly at Warton are at the lower end
of the range of existing measurements.

This thesis has contributed additional erosion threshold data to the, currently rare, studies
on salt marsh substrates. The above section demonstrates that the erosion thresholds measured
at both Tillingham and Warton were comparable to many other UK marshes and UK tidal
flats. The high erosion threshold on the tidal flat at Tillingham likely relates to the sampling
strategy, which favoured sites with a lower water content. Some studies have found links
between the erosion threshold and UK marsh substrate composition (e.g. roots, water content,
bulk density) on the erosion threshold, however sites in both contrasting locations (e.g. East
vs West coast) and with contrasting sedimentology have not yet been compared (other than in
this thesis). Such an approach would allow us to identify measures of substrate composition
which affect the erosion threshold (see section 7.5). The mean erosion thresholds measured at
Tillingham are unlikely eroded under average tide- or wave-induced shear stresses measured
in other coastal wetland studies. This highlighted the importance of localised areas of
weakness for the initiation of erosion. This is discussed further in Chapter 8.

7.5 Evaluating the substrate strength as measured by the
vanes and the CSM

While the vanes and CSM are both methods which have been widely used to quantify the
shear strength, stability or erodibility of salt marsh and tidal flat substrates, the results of this
study (addressing Objective 2d) demonstrate that the two methods do not, in fact, measure
exactly the same property. For example, the vanes denoted a higher undrained shear strength
at Warton than at Tillingham. This contrasted with the CSM, which demonstrated a higher
erosion threshold at Tillingham than at Warton. This apparent contrast in results has also
been found in other studies (e.g. Chen et al., 2012). At present, there does not appear to be a
specific protocol to follow in order to decide which apparatus to use, despite the fact that the
two methods likely measure different processes and/or are influenced by different aspects of
marsh composition. In order to develop such a protocol, it is important to understand exactly
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what is being measured by the vane and CSM instruments, to make an informed decision
about which apparatus to use for a given application.

Firstly, it is important to consider where the forces act with the two different instruments.
The torvane is placed on the sediment surface, and twisted until failure occurs. The blades
come into content with only the small area up to approximately 5 mm below the surface
(Fig. 7.1). The shear vane is pushed into the surface and twisted, therefore is affected both by
skin friction on the shaft (limited), but also anything that interacts with the (larger) blades
(Fig. 7.1). Once failure of the material occurs following the stress applied by the blade, a
single point of failure can be recorded, which likely reflects the combined (biological and
sedimentological) resistance of the block of substrate which came into contact with the
blade. The vanes are therefore measuring the resistance (to applied shear stress) of a block of
substrate which comes into contact with the blade.

With the CSM, a jet is fired from the top of the chamber onto the sediment below. As
mentioned in Chapter 4, the centre of the chamber experiences a higher applied stress,
and this stress is exerted normal to the surface (Fig 4.8). The CSM therefore records this
incremental detachment of particles from the surface over time until a threshold is reached.

Given the different nature of the two processes measured by the vanes and the CSM,
both are expected to be influenced to a different extent by the substrate composition. The
effect of roots on vanes was already discussed in section 7.3. However, the effect of roots
on the erosion threshold defined by the CSM could also be very different. Roots could
produce scour, allowing sediment to be eroded not just due to the jet pressure, but also due to
“swirling” of the roots in the turbulent water. Such scour has been noted in other research
in both the USA and in flume studies (e.g. Feagin et al., 2009; Spencer et al., 2015b), and
also in the field at Tillingham (Fig. 7.2). As noted in section 7.3, the effect of roots on the
vane-derived measurements of shear strength is likely fairly consistent when the species is
monospecific, such that increased root mass (in particular when this is composed of fine
roots) increases the vane-derived shear strength. For the CSM measurements, the influence
of roots is likely less consistent, depending primarily on the presence or absence of a root
within the chamber, and also the length of the root above the sediment surface (which would
determine to what extent it could be moved by the water). The stiffness or rigidity of any
roots present would also influence this scouring process. While every effort was made to
trim back any roots that protruded from the surface, even a very small protrusion could have
allowed scour to occur. Nevertheless, the effect of roots on the two methods is conceptually
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Fig. 7.2 Scour at Tillingham marsh from Salicornia. Wellington boot for scale. Photograph
taken by H Brooks on 11/01/2019.

very different, is often not discussed within existing studies and needs to be better understood
in order to better interpret results from these methods in both existing and future studies.

While the shear vane and torvane can provide valuable insights into substrate shear
strength, the footprint of the vane head is relatively small (diameter of approximately 5 cm)
and is therefore thought to reflect the undrained shear strength of a specific portion of the
substrate. Shear vane and torvane tests are primarily advised for fine-grained sediments, as
the low porosity ensures that the substrate is undrained (BSI, 1990f). However, sand and
silt content in layers can provide a permeable layer which can result in dilatant behaviour
during shear, requiring a high torque to be applied to shear the sediment (Barnes, 2010).
This can result in an overestimation of shear strength. Given that layers of coarser particles
were recorded in the sediment cores at both marshes, this could explain the relatively high
variability in undrained shear strength measurements (coefficient of variation of between
10 and 20 at most locations; Table 5.15). Understanding of millimetre-centimetre scale
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variability in substrate composition is therefore important to fully evaluate undrained shear
strength results.

Given that the CSM measures the erosion threshold required for the entrainment of
sediment particles, it can be expected that a more clay-rich, cohesive substrate would have a
higher erosion threshold than non-cohesive substrates. However, the sediment composition
will also affect the transmission curves produced by the CSM (D. Paterson and A. Blight,
pers. comm 2019). This is illustrated in Fig. 7.3. In sandy sediments, such as on the tidal flat
at Warton, for each incremental increase in jet pressure, transmission will fall immediately
following the firing of the jet, then will return nearly or completely, to previous values
(Fig. 7.3a). This reflects the sand being suspended during and immediately following the
firing of the jet, then the sand falling out of suspension once the applied stress and any
turbulence within the water ceases. For muddy/cohesive sediment (those with a clay content
of >5%), such as the marsh edge at Tillingham, the transmission will fall slowly during and

Fig. 7.3 Schematic of the different responses of sandy sediments (a), muddy (silt/clay-
dominated) sediments (b) and a mixture of sand and mud (c) during and following the firing
of each individual jet during a given CSM programme. Example samples of each type of
behaviour are shown from Warton tidal flat at 0 cm depth (d), Tillingham marsh edge at 30cm
depth (e) and Warton marsh edge at 10 cm depth (f) are shown for comparison.
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immediately after the firing of the jet, but the transmission does not increase again (Fig. 7.3b).
This reflects the increase in jet pressure past the erosion threshold, and the suspension of
sediment, followed by the ability of this sediment to remain in suspension as the turbulence
in the water does not reduce sufficiently to allow the small sediment particles (with low
settling velocities) to be deposited. For those sediments comprising both sandy and muddy
particles, such as certain samples at the marsh edge at Warton, an initial fall in transmission
would be expected, followed by partial recovery (Fig. 7.3c). This reflects the suspension of
particles as the erosion threshold is reached, but then an increase in transmission as the sand
falls out of suspension once the jet stops and turbulence reduces. While this has previously
been noted in discussions with leading researchers (D. Paterson and A. Blight, pers. comm

2019), this study is the first time actual data has been shown alongside these assertions.

The vanes measured a higher undrained shear strength at Warton than at Tillingham,
whereas the CSM measured a higher erosion threshold at Tillingham than at Warton. Sim-
ilar contrasting results between vane and CSM measurements were found by Chen et al.
(2012) who used vane and CSM measurements in the Beaulieu estuary and found that an
Atriplex portulacoides-dominated creek bank was more resistant to flow-induced erosion
(as determined by the CSM), while a Juncus maritimus-dominated creek bank was more
resistant to erosion by mass movements (as measured by a shear vane apparatus). Such
contrasting results could therefore be problematic if the datasets were to be used individually
as a measure of substrate resistance to erosion. While it is often assumed that those substrates
with a high erosion threshold (resistance to grain-by-grain erosion) have a higher resistance
to bulk failure processes, this thesis showed that this is not the case.

At Warton, where the substrate is silt/sand-dominated and non-cohesive, individual
particles are entrained more easily under the jet pressure from the CSM, resulting in a
lower erosion threshold. Erosion thresholds at Warton were positively correlated with both
organic content and finer grain sizes, but there was no influence of root content (Fig. 5.58).
However, the substrate is tightly bound together by a fine, but dense root mat produced
by the Puccinellia maritima-dominated canopy. This results in a higher undrained shear
strength, particularly when measured by the shear vane, as the large blades of the instrument
have a higher chance of interacting with roots than the smaller blades of the torvane. This
was confirmed in (Fig. 5.58) which demonstrated that the shear vane-derived strength was
strongly correlated both with variables representing the particle size distribution, and also had
a good positive correlation with both organic content and root content. The torvane-derived
shear strength was positively correlated with root content but not organic content.
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At Tillingham, where the substrate is clay/silt-dominated and cohesive, individual grains
bind together to create larger flocs, which are less easily entrained under the jet pressure from
the CSM, resulting in a higher erosion threshold. The negative correlation between the 50%
erosion threshold and D50 (Fig. 5.57) was in line with the expectation that coarser-grained,
non-cohesive sediments are more easily entrained. The lower vane shear strength, however,
likely reflects the rooting structures present at Tillingham. The biodiverse marsh canopy
produces a variety of rooting structures, root thicknesses and root depths. Although the root
mass percentage is higher at Tillingham than at Warton, it is also more variable (Fig. 5.15).
This could reflect the quantity of larger diameter roots (such as from Spartina anglica) in any
given sample. Therefore, the root mass values are largely influenced by thick roots, which
are infrequently spaced within the sediment. As such, these roots may not come into contact
with the vane blades, so some vane measurements at Tillingham may simply reflect the
minerogenic substrate shear strength. Quantitative links between measurements of substrate
shear strength and composition supported the above arguments to some extent, although
the results at Tillingham were less clear than at Warton. Fig. 5.57 highlighted a negative
correlation between root content and shear vane-derived shear strength at Tillingham. This
was unexpected but likely related to a single outlier in the dataset and the high heterogeneity
in samples (see section 7.3). However, the positive correlation between torvane-derived
shear strength and organic content supported the above argument that organic matter affects
vane-derived shear strength, even in highly heterogeneous substrates such as at Tillingham.

The fact that the correlation matrices demonstrated an influence of roots on the shear vane
measurements but not on the erosion threshold measurements is important, and confirms that
the two methods are measuring different processes. This influence was further highlighted
by PCA, which identified the important compositional variables explaining the variance in
individual datasets including each measure of substrate strength. Variability in the shear
vane dataset was strongly dependent both on silt content and root content. In contrast, the
variance in the erosion threshold dataset was influenced by organic content and particle size
distribution/grading but not by root content.

The shear vane, which measured the resistance of the substrate to bulk failure processes,
was dependent on sediment properties (silt content, sand content and D50), root and organic
content (Fig. 5.58). In the PCA, component 1 opposed the shear vane-derived shear strength
with water content (Fig. 5.59). This agrees with similar influences identified in other salt
marsh (e.g. Escapa et al., 2007) and geotechnical studies (Koumoto and Houlsby, 2001),
and likely relates to the adsorption of water to clay particles, which then reduces the inter-
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particle forces (e.g. Dolinar and Trauner, 2007) and decreases undrained shear strength. The
shear vane-derived undrained shear strength was positively correlated with organic content
(Fig. 5.58), as is consistent with other UK-based studies, which measured erodibility based
on flume measurements (e.g. Ford et al., 2016a). This positive correlation between organic
content and undrained shear strength could reflect the presence of roots which provided
tensile strength to the soil (see above), alongside root exudates which bind the soil (Jones
et al., 2009) and particulate organic content which can increase soil substrate integrity in
several environments (Fattet et al., 2011).

The torvane was affected by the same particle size properties as the shear vane but was
not influenced by root content, based on either the correlation or PCA results (Fig. 5.57 and
Fig. 5.60). The torvane was therefore not working in the same way as the shear vane and so
was not fully encapsulating the resistance of the substrate to bulk failure processes. Where
possible, a shear vane should thus be used for measurements of undrained shear strength,
rather than a torvane or pocket vane.

The CSM-derived erosion threshold was dependent primarily on minerogenic properties,
even at locations on the marsh platform where vegetation was present. As the clay content
increased and D50 decreased, the erosion threshold increased (Figs. 5.57 and 5.58) Both
clay content and D50 were also important variables in the PCA (Figs. 5.61 and 5.62). The
importance of these variables likely reflects the transition from non-cohesive to cohesive
sediment behaviour (e.g. Van Ledden et al. (2004)) with the latter comprising more clay,
having a lower D50 and generally exhibiting a higher erosion threshold. The Uc was also
positively correlated with the erosion threshold (Figs. 5.57 and 5.58). As such, those
substrates with more heterogenous grain size distributions had a higher erosion threshold.
This likely relates to the better packing and higher bulk density in such substrates, which
is known to increase the erosion threshold (Watts et al., 2003). This study has therefore
demonstrated that minerogenic substrate properties are important both on the unvegetated
tidal flat, but also on the vegetated marsh platform.

This research has shown that specific substrate properties are clearly important for
different erosion processes. Thus, at Warton marsh, where bulk failures are known to occur
alongside grain-by-grain erosion, the combination of organic and minerogenic substrate
properties is important when forecasting future marsh extent change. However, at Tillingham,
bulk failure is less important, particularly due to the fact that the marsh edge is a ridge-
runnel morphology rather than being cliffed. Here, the minerogenic substrate composition
is likely to have a greater impact on the marsh edge erosion rate, as grain-by-grain erosion
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is more important. The shear vane and CSM results (i.e. the higher shear strength/lower
erosion thresholds in the sandier Warton marsh and the lower shear strength/higher erosion
thresholds in the clay-rich Tillingham marsh) therefore shows that the dominance of these
particular erosion processes may itself be a result of the substrate composition at each marsh.
These links between marsh composition and erosion processes have, thus far, been largely
overlooked but disentangling them is fundamentally important for forecasting future changes
in marsh extent.

7.6 Summary

The dataset of co-located shear vane, torvane and Cohesive Strength Meter (CSM) measure-
ments collected as part of this thesis addresses Objective 2a and the dataset is, as far as the
author is aware, the first such dataset available. This is particularly the case as it captures
several geomorphologically-different locations within a given marsh (e.g. marsh edge, creek
edge and inner marsh), variations at depth and also differences between two marshes of
contrasting composition.

The vane-derived undrained shear strengths discussed in this Chapter were comparable
to other data from the Essex coast, UK (Objective 2b). Warton marsh substrates had a higher
undrained shear strength than marshes on the South coast of England, but not as high as
those in the Severn Estuary (Objective 2b). Measured and modelled values of wave thrust
would not exceed the mean undrained shear strength at either Tillingham or Warton.

The shear vane and torvane have, until now, been used interchangeably on coastal
wetlands. However, this Chapter has highlighted that highly variable undrained shear strength
results from existing studies may be a consequence of inconsistent method application
(Objective 2c). For example, in this study, the shear vane consistently recorded a higher
shear strength than the torvane. Shear vane-based measurements of undrained shear strength
were influenced to a greater extent by biological material and by the more three-dimensional
nature of the sampling method, compared to the torvane. A correction equation was proposed
to convert between torvane and shear vane measurements (Objective 2c). The proposed
conversion had a relatively good fit between sites of contrasting sediment composition
and behaviour, with only a slight improvement by making a separate conversion factor for
Tillingham and Warton. No such conversion is currently available in the literature and the
equations of these regression lines could be used as effective and consistent conversion
factors to maximise the usefulness and comparability of existing vane-based datasets; they
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currently explain up to 77% of the variation between shear vane and torvane-derived shear
strength on the same sample. However, to ensure future comparability of measurements, the
consistency of vane-based device application must be improved, and this is discussed further
in Chapter 7 and also in the recommendations for future work below.

The research presented here demonstrated that the erosion thresholds at Tillingham
were generally higher than tide- or wave-induced bed shear stresses measured in coastal
wetland studies. However, the erosion threshold at Warton marsh edge could be exceeded
by existing bed shear stress measurements. Erosion thresholds measured at both Tillingham
and Warton were comparable to some other UK marshes, but the erosion threshold at the
marsh edge at Warton was lower than existing measurements at other UK marshes (Objective
2b). Erosion thresholds measured at Tillingham and Warton were comparable to other UK
tidal flats (Objective 2b). Other studies had noted the influence of algae content, roots, bulk
density (consolidation) and water content on the erosion threshold. It is likely that those
factors explain some of the variability found at Tillingham and Warton, although this study
particularly emphasises the importance of the control of sediment properties, something that
previous studies have largely neglected.

This study has not only quantitatively demonstrated that the vane-based and CSM devices
measure two distinct erosion processes but also that these processes/measurements are not
easily relatable to one another. The vane-based measurements determine the bulk resistance
of the marsh substrate to shear and mass movement, while the CSM quantifies the process
of grain-by-grain erosion from the substrate surface (Objective 2d). Root mass, organic
content and minerogenic substrate components had a considerable influence on vane-based
measurements, while there was little influence of root content on the erosion threshold
(Objective 2d). While it is often assumed that those substrates with a high erosion threshold
(resistance to grain-by-grain erosion) have a higher resistance to bulk failure processes, this
was shown not to be the case.





Chapter 8

Discussion 3: Linking marsh substrate
composition, behaviour and in situ
strength to morphological change

8.1 Introduction

The overarching aim of this thesis was to understand the role of substrate composition in
explaining the response of minerogenic salt marsh soils to applied stress. Laboratory-based
measurements of marsh composition and behaviour were discussed in Chapter 6, while in

situ field measurements of substrate response to applied stress were discussed in Chapter 7.
This chapter explores whether, and to what extent, the lessons learned from those approaches
help us to better understand observed patterns of marsh change (RQ3), as recorded in
Chapter 5 in response to Objective 3a. Firstly, this chapter explores how variations in marsh
substrate composition, substrate geotechnical behaviour and in situ strength are reflected in
the response of minerogenic marsh substrates to applied stress in the field (Objective 3b). By
considering the marsh substrate composition and behaviour in response to applied stress (and
thus the substrate resistance) alongside the marsh edge morphology and the magnitude and
frequency of hydrodynamic forcing to which it is exposed, the stability of the marsh platform
over annual-to-decadal timescales can be determined (Objective 3c).
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8.2 Linking marsh substrate composition, behaviour and
in situ strength to present day marsh erosion processes
and rates

Both the overall resistance of a marsh substrate (frictional component of shear strength,
undrained shear strength, erosion threshold), as well as the dominant processes of marsh ero-
sion (particle detachment and bulk failure), have been shown to be linked to marsh substrate
composition in Chapters 6 and 7. This section focuses specifically on the behavioural stress
response of the substrate measured within this study. It therefore focuses on sub-annual
timescales and spatial scales fewer than tens of metres, which were the focus of Chapters 6
and 7. The implications of different hydrodynamic forcing and marsh edge morphology, as
well as morphodynamic feedbacks are discussed in sections 8.4 and 8.5.

Ridge-runnel systems are thought to occur due to both erosional and depositional pro-
cesses, reflecting differences in hydrodynamic forcing, water content and consolidation on
ridges and runnels (Williams et al., 2008; Carling et al., 2009). However, the high clay
content at Tillingham, and particularly the high ‘active’ clay content (the smectite fraction;
Table 5.8), may explain how and why the shore-normal ridge-runnel topography at this
site is maintained. Smectite exhibits shrink-swell behaviour (Knappett and Craig, 2012),
as exhibited by the SHRINKiT (Fig. 5.37) and linear shrinkage (Table 5.13) results. This
shrink-swell behaviour is a key cause of tension/desiccation crack formation in salt marshes,
particularly in late summer when drying and shrinkage occur (Allen, 1989; Morris et al.,
1992), see Fig. 8.1. Tension crack formation and subsequent block toppling has been both
modelled (Bendoni et al., 2014) and observed as a cause of marsh margin erosion in flume
experiments when wave impacts cause cyclic stress application and release (Cola et al., 2008;
Francalanci et al., 2013). Tillingham marsh may therefore erode from small tension cracks
on the sides of the shore-normal ridges at the marsh edge (Fig. 8.2), which provide the steep,
unvegetated banks known to be important for the formation of wide, deep tension cracks (see
Francalanci et al., 2013). This may then explain the progressive narrowing of the ridges from
their sides and concurrent widening of the runnels. The composition of Tillingham marsh
(clay-, and particularly smectite-, rich) therefore predisposes it to tension crack formation
and toppling failures, which are likely the dominant modes of block failure at this site.

The rate of erosion at Tillingham is also affected by the substrate composition. Any
undercutting which takes place is likely to be slow, as high clay content results in a higher
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Fig. 8.1 Desiccation cracks inside the managed realignment site at Freiston Shore. Photo
taken by T Spencer in April 2005.

erosion threshold and lower Suspension Index (see Chapter 5) at Tillingham compared
to Warton, reducing the rate of particle-by-particle erosion caused by wind waves (e.g.
Francalanci et al., 2013). However, when blocks do form, the lower resistance to bulk failure
processes implied by the undrained shear strength measurements (Fig. 5.39) and by the
lower ϕ ′ compared to Warton (Table 5.9) implies that block failure occurs rapidly. The
high plasticity of the Tillingham substrate also allows blocks to deform and therefore fail
plastically.

The coarse-grained sediment at Warton, alongside the fine, dense root mat in the upper
cliff, predisposes the marsh edge to undercutting followed by cantilever failure. The coarser
grain size compared to at Tillingham increases permeability, which when combined with a
reduction in inundation frequency and duration, means that the substrate is often well-drained,
as noted for Morecambe Bay marshes in general by Allen (1989). The lower section of the
marsh cliff (below 40 cm depth) has an extremely low erosion threshold and, once the erosion
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Fig. 8.2 Tension cracks along the sides of the ridges on the tidal flat at Tillingham. Photo
taken by I Moeller on 29th Nov 2018.

threshold is exceeded, erosion continues rapidly, as evidenced by the high Suspension Index
(section 5.6). In general, this allows undercutting to proceed relatively quickly, although
the rate of undercutting is likely slowed by eroded blocks which front the marsh edge and
dissipate incoming energy (Fig. 8.3; Bendoni et al., 2016). The low water, clay and smectite
contents at Warton mean that the marsh was not found to display any shrinkage behaviour
(Fig. 5.38), thus the formation of tension cracks is less common than at Tillingham. The
vertical expansion of any tension cracks that do form is impeded by the dense, fine root
mat in the surface layer of the marsh. These insights help explain the fact that cantilever
beam-type failure appears more common at Warton, with failure occurring once the mass of
the overlying block exceeds the tensile strength of the block (see Bendoni et al., 2014 and
also Fig. 2.5).

However, shear vane measurements at Warton show relatively high undrained substrate
strength which has to be exceeded before blocks can fail (Fig. 5.40), and this high shear
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Fig. 8.3 Failures and remaining blocks along marsh edge at Warton marsh. The width of the
block field is approximately 10 m, although this depends on location along the marsh edge.
Photographs taken by H Brooks. Photograph in A taken 9/07/2018 and in photograph in B
taken 20/10/2018.

strength was linked to both organic content root content (Fig. 5.58). Higher organic content
in the upper cliff therefore provides strength to the substrate. Nevertheless, a high water
content, such as that experienced following heavy rainfall or during/shortly after inundation
in a storm or tide approaching the HAT, could provide sufficient mass to the block to
allow block detachment. This is further enhanced by the lack of plasticity in the substrate
(see section 5.4.4), meaning that, as water content increases, the substrate transitions from
behaving like a solid to behaving like a liquid, with no ‘plastic’ state in between. Therefore,
at Warton, relatively rapid undercutting allows overhangs to form, but these only fail once the
relatively high bulk substrate resistance is exceeded. While organic matter and root content
provide strength to these blocks, the blocks become predisposed to failure following large
rainfall events or inundation.

This thesis has highlighted that particle size affects substrate erodibility. At Warton, the
higher ϕ ′ (internal friction angle) and therefore shear strength compared to at Tillingham was
linked to the coarser grain size and lower void ratio (section 6.3.1.1). However, based on the
comparison between the peak and residual shear strength using the shear box and ring shear
tests, respectively, the root network added more strength to the substrate relative to the soil
matrix alone at Warton than at Tillingham, as Warton has a dense root mat (see Chapter 6).
While this additional strength in the peak (compared to the residual) scenario appears to
relate to the type and structure of the roots present (see Van Eerdt, 1985b and Chapter 7), it
may also be a consequence of the particle size. For example, Lo et al. (2017) found that roots
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contribute to substrate strength more in sandy substrates than in finer-grained substrates. At
the same time, a higher D50 can reduce the erosion threshold, allowing particle detachment
to occur at lower incident forcing than in finer-grained sites (Hjulström, 1935). Therefore,
while this thesis has highlighted that particle size affects the erodibility of the substrate, it
has also demonstrated that this influence is partly mediated by roots. However, we do not
currently know exactly where this transition between ‘coarse-grained’ and finer-grained’
substrates lies, nor do we know which species (and thus root structures) are favoured by
particular particle sizes, so further studies are needed to address this.

Results reported here show specifically how marsh erosion processes vary with marsh
substrate composition and also add weight to previous observations of marsh edge erosion
processes. At both Tillingham and Warton, the low c′, a reflection of electrostatic forces
between platy clay particles within the substrate matrix, shows that little shear strength is
derived from the clay mineral content at either site, despite known differences in clay content
and clay mineralogy. Differences in clay content and clay mineralogy thus do not necessarily
directly influence the substrate resistance to bulk shear failure processes, but rather affect
the response of the sediment to temperature or interstitial moisture fluctuations. This can
then predispose the substrate to particular responses to physical forcing. This highlights the
dual role of the clay fraction in determining both the erosion rate and process, whereby a
higher clay content (and thus lower D50) can on the one hand increase the erosion threshold.
However, on the other hand, if the clay has a high ‘active’ clay content, this can predispose
the marsh to tension or desiccation crack formation and thus to toppling failures.

8.3 Implications of marsh substrate composition, geotech-
nical properties and in situ strength for marsh resis-
tance over annual-to-decadal timescales

Section 8.2 linked marsh substrate composition to the dominant erosion processes found at
each marsh. When assessing how resistance of the marsh platform might change over annual-
to-decadal timescales, variations in marsh substrate composition, both at the centimetre
scale within the stratigraphy, and at the scale of tens of metres across the marsh, must be
considered. This section therefore focuses on marsh resistance, while section 8.4 incorporates
the exposure to hydrodynamic forcing and thus marsh substrate stability.
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8.3.1 Lateral resistance to erosion

Mapping the changes in position of the marsh edge at each marsh highlighted differences in
the erosion rates of the two marshes. Warton (2002-2017; EPR = -13.43 m/year) retreated
faster than Tillingham (1992-2016; EPR = -0.32 m/year). This difference in erosion rate likely
links directly to the erosion processes discussed in section 8.2. At Warton, grain-by-grain
erosion can occur rapidly (shown by the higher Suspension Index) and at a lower incident
forcing (shown by the lower erosion threshold) than at Tillingham. This grain-by-grain
erosion allows rapid undercutting of the marsh platform, so the overhangs can exceed the
substrate strength more frequently, resulting in a faster erosion rate. This occurs despite the
fact that the resistance to bulk failure was higher at Warton than Tillingham, denoted by the
higher undrained strength (Fig 5.40) and that both the drained shear strength for a given
normal stress (Fig 5.27) and the angle of internal friction (Table 5.9) were higher. The higher
resistance to bulk failure may therefore be of secondary importance to the erosion threshold
of the substrate.

Given that grain-by-grain erosion is important for undercutting the marsh edge, this
thesis demonstrates that the erosion threshold and thus the particle size distribution (see
Chapter 7) has an important control on the erosion rate of a particular marsh. Particle size
distribution is therefore an important parameter to determine when assessing the stability of
natural marshes, and also when considering the resistance of marsh substrates in restoration
projects. This is especially important as, until recently, many restoration and realignment
projects have been largely focused on restoring the ecological functioning of the marsh (e.g.
biodiversity; Morris, 2012). This thesis highlights that, in order to ensure the persistence of
these landforms and thus their ecosystem services into the future, the particle size distribution
and thus the erosion threshold of the sediments should be considered as of equal importance
to the vegetation.

For marsh edge and creek edge lateral resistance to erosion, changes in composition and
therefore substrate resistance at depth are also important as the whole marsh edge is often
exposed to hydrodynamic forcing. At both sites, the undrained shear strength was highest
near the surface (Figs. 5.41 and 5.42), reflecting the increased influence of roots. This agrees
with other studies which have found a higher shear strength in the upper marsh stratigraphy,
and have attributed this to the presence of vegetation (e.g. Van Eerdt, 1985a; Bendoni et al.,
2014; Bendoni et al., 2016). The undrained shear strength then decreased with depth, due
to the reduction in root mass content (see Chapter 7). This was partially compensated for
by increased consolidation at depth, which has been shown to increase the undrained shear
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strength (Chen et al., 2012). Consolidation depends on initial void ratio and organic content
(see Chapter 6), so is therefore linked to the uniformity coefficient, grain size distribution and
past stress history/desiccation, alongside organic content variations (see Chapter 6). Controls
on marsh resistance to bulk failure therefore vary with depth, roots being more important
near the surface, and consolidation (and therefore grain size, organic content, particle grading
and void ratio) more important at depth.

The erosion threshold at Tillingham and Warton did not change consistently with depth
(Fig. 5.47). However, changes in substrate composition with depth (e.g. particle size and
grading) still affect the erosion threshold (see Chapter 7) and therefore substrate erodibility
on millimetre-to-centimetre scales. Other studies, using different methods, agree that particle
size has an important control on lateral resistance to erosion (for example through use of a
recirculating flume; Ford et al., 2016a). Based on the analysis of bulk samples, there was
little change in particle size with depth overall at either Tillingham or Warton. However,
higher-resolution analysis of sampling from sediment cores showed that sub-centimetre
differences in particle size were present at both sites. In the Tillingham cores, and particularly
at the marsh edge and creek edge, there were layers of sandier material (Fig. 5.11) and
this was attributed to storm deposits (Chapter 6). Similar coarser-grained layers were also
noted at Warton, although these were less distinguishable in the core data (Fig. 5.12), as the
sand content was generally higher. However, such coarser-grained layers at Warton were
noticeable in photographs of the sampling pits (Fig. 6.1). Chapter 7 demonstrated that an
increase in sand could reduce the erosion threshold, so these layers likely represent local
planes of weakness (in terms of the erosion threshold). This would result in preferential
grain-by-grain erosion of these sandier layers when they become exposed at the marsh edge,
which would produce micro-topographic irregularities, causing turbulence and further erosion
(Fig. 8.4). The size, frequency and grain size of these layers may therefore be important
in controlling both the elevations at which undercutting may be initiated or preferentially
take place, as well as the overall rates of erosion at an individual marsh. As such, the mean
erosion thresholds should be considered alongside the presence of coarser-grained layers at
depth. Future studies should also explore whether erosion does indeed preferentially occur at
elevations corresponding to sand layers in exposed cliffs or whether the relative magnitude
and frequency of the water level and/or wave action is the dominant factor in forcing cliff
erosion patterns.

It can be hypothesised, therefore, that storms, which are known to deposit coarser-
grained sediment layers, may have an important control on lateral erosion rates. This would
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Fig. 8.4 Schematic to show how preferential grain-by-grain erosion of sandier layers (<3mm
thick) exposed at the marsh edge could produce micro-topographic irregularities, causing
turbulence and further erosion.

particularly be the case in finer-grained marshes, where the erosion threshold is otherwise
relatively high. These storm layers tend to be thicker near marsh edges and creek edges
(e.g. Hawkes and Horton, 2012), i.e. the locations from which a marsh erodes laterally. The
magnitude and frequency of storm surge inundation, in conjunction with the ability of these
storm deposits to be incorporated into the marsh sediment column over annual timescales,
is therefore important in controlling the lateral erosion rate of a marsh platform. Further
research is needed in order to investigate this hypothesis, whereby storm-deposited coarser-
grained layers, may provide locations of preferential erosion which eventually increase the
lateral erosion rate of the marsh.

This thesis has highlighted that particle size, and layers of variation in particle size, are
important in controlling lateral resistance of salt marshes through the influence of particle
size on the erosion threshold. Particle size also influences the extent to which roots increase
lateral resistance to bulk failure processes, with roots providing greater additional strength to
sandy substrates. Therefore, our understanding of the strength provided by roots needs to be
improved not only in terms of root characteristics (mass, density, diameter, cellulose content,
tensile strength), but also in the context of the sediment matrix particle size distribution.
Such an understanding will be vital for improving future estimates of marsh loss, and also
the effectiveness of marsh restoration or reclamation schemes.
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8.3.2 Vertical resistance and stability

The main focus of this thesis is on lateral change as marsh surfaces are known to be relatively
resistant to shear stresses applied at the surface (e.g. Spencer et al., 2015b). However, vertical
landform stability (the lack of top-down erosion from the marsh surface and the ability of the
marsh surface elevation to keep pace with sea-level rise) over annual-to-decadal timescales
is also important, as this prevents marsh drowning. At both Tillingham and Warton, much
of the change in elevation can be ascribed to deposition of suspended sediments during
inundation causing surface accretion, rather than belowground changes (e.g. root production
and decomposition). This was particularly the case for the two furthest seaward SET-
MH sites at Tillingham, although there was some influence of subsurface processes (e.g.
decomposition) at the furthest landward site. This is logical, as organic matter generally
increases landward, so an increase in the relative importance of decomposition could be
expected. At Warton, surface elevation change recorded at the two SET-MH stations furthest
seaward was highly variable, indicating localised processes, such as trampling due to grazing,
stripping of vegetation (Fig. 8.3B) or blocks from the marsh margin being transported onto
the marsh surface by shallow water wave processes such as wave swash. It is likely that
the short period of observations at Warton rendered it more difficult to identify real change.
The two SET-MH sites furthest inland displayed an increase in surface elevation, which
was explained mainly by surface accretion. Surface accretion was therefore shown to be an
important process for maintaining the marsh position in the tidal frame.

The SET-MH methodology records changes in the marsh surface elevation and subsurface
over decadal time periods, but the one-dimensional consolidation data highlighted how the
response to individual larger, infrequent, loading events (e.g. storms) would differ between
the two marshes. Chapter 6 gave examples of how Tillingham and Warton might consolidate
immediately after application of a vertical water column of 1 m, equivalent to a large storm
event. However water level records show that such inundation events are rare (<1% of the
time) at both Tillingham and Warton. Consolidation during ’normal’ tidal inundation cycles
may therefore also be important. Inundation of the tidal flat to at least 1 m depth occurs 20%
of the time at Tillingham and 10% of the time at Warton (Fig. 3.10). Consolidation of the
upper 30 cm of the tidal flat when inundated by 1 m of water overburden could reach up
to 2.55 cm at Tillingham and 1.05 cm at Warton based on Figs. 5.31 and 5.32. This would
increase the water depth reaching the base of the marsh by the same amount at each location,
which would then marginally increase wave impact on the marsh edge (Tonelli et al., 2010)
and might affect the rate of marsh retreat.
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The oedometer tests also highlighted that desiccation could increase the recovery poten-
tial of marshes following future inundation events, by affecting how the marsh consolidates
and then is able to recover the previous void ratio (see 6.3.2.2). Until now, this influence of
desiccation on vertical marsh stability has not been recognised. This thesis has highlighted
that the combined influence of desiccation on substrate shrinkage, tension crack formation
and also one-dimensional recovery potential must be considered in order to fully understand
decadal marsh stability in both the vertical and lateral dimensions. While accurately under-
standing decadal marsh stability at several marshes would be costly both financially and in
terms of time, such an approach could be implemented for monitoring specific managed
realignment or restoration schemes. Understanding both the longer-term, annual-decadal
changes in marsh elevation, but also the shorter, event-scale variations within this longer-term
trend, are key to understanding marsh vertical stability (see Chapter 2). Models forecasting
marsh vertical resilience to sea-level rise must therefore include these event-scale variations
in substrate elevation (see Chapter 6).

8.4 Comparing the magnitude and frequency of hydrody-
namic forcing and known resistance

Sections 8.2 and 8.3 highlighted the influence of marsh composition, namely particle size,
clay mineralogy and organic- or root mass content, on the relative importance and rates
of particle-by-particle erosion and block detachment. However, it is the combination of
marsh substrate resistance, in conjunction with the magnitude and frequency of hydrody-
namic forcing, which determine the stability of the marsh platform over annual-to-decadal
timescales.

The exposure to hydrodynamic forcing is determined, in part, by the frequency of
inundation. Fig. 3.10 used the tide gauge record for the past 18.6 years to compare the
cumulative frequency of inundation at the tidal flat sites compared to the marsh edge sites at
Tillingham and Warton. These graphs assume that the marsh elevation has remained constant
relative to sea-level over the time period of interest, a reasonable approximation given the
rates of marsh surface elevation increase and also relative sea-level change noted in both sites
in Chapters 5 and 3. At Tillingham, the upper tidal flat is inundated 50% of the time, while
the marsh edge is only inundated 10% of time, based on predicted tides alone. This agreed
with the CBESS wave transect data which showed that, at both the tidal flat and marsh edge,
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the substrate at Tillingham was inundated more frequently and to a greater average depth
than at Warton (Fig. 3.11; Table 3.6). Despite more frequent inundation at Tillingham than
at Warton, the high clay content and erosion threshold appear to limit the rate of particle
detachment, allowing the position of the marsh edge to retreat relatively slowly (EPR = -0.32
m/year) over annual-to-decadal timescales.

At Warton, the upper tidal flat was inundated 20% of the time, with the marsh edge only
being inundated for <1% of the time. The CBESS wave transect data showed that the tidal flat
at Warton experienced an average water depth of 0.45m, while the average water depth at the
marsh platform edge was only 0.10m (Fig. 3.11; Table 3.6). Therefore, the base of the marsh
cliff is exposed to wave impacts and also wave- and tidal-induced currents more frequently,
and for longer, than those sites at higher elevations. Chapter 7 highlighted the role of the
extremely low erosion threshold and thus dominance of particle-by-particle detachment in
undercutting the marsh cliff, and this was linked to the high sand content. However, the
frequency of inundation also plays a role in this process dominance at Warton, as the upper
section of the marsh cliff is rarely exposed to hydrodynamic forcing in non-storm scenarios.
Given that Warton has retreated rapidly (-13.43 m/year), but also has a high resistance to
block failure (as denoted by the higher undrained shear strength and angle of internal friction)
much of the above work implies that the rate of undercutting at a marsh cliff can set the
overall rate of erosion of the marsh edge. As such, the ability of the lower marsh cliff to resist
hydrodynamic forcing over time periods of up to a few hours is important in controlling the
overall retreat rate. It is therefore likely that both the relatively high sand content and thus
low erosion threshold, combined with the relatively frequent inundation of the bottom of the
marsh cliff allow a rapid rate of undercutting at Warton, which results in a faster EPR.

The hydrodynamic forcing at each marsh is also influenced by the magnitude, duration and
frequency of storms. Storms will affect marsh inundation, and thus the normal stress applied
to the marsh surface, but will also affect the shear stresses and impact forces experienced at
the marsh edge. Depending on the size of the storm, and particularly on the time within the
tidal cycle at which water levels are highest, storm surges affect the location of maximum
shear stress or wave thrust. At both marshes, therefore, the greatest effect of storms will
likely have been to increase the elevation of direct wave impact on the marsh margin, given
the water level setup during the surge. It is known that cyclic oscillation of shear and mean
effective stresses allows block detachment (Cola et al., 2008), so if storms allow more
frequent inundation to the elevation at which blocks form (in the upper 30 cm of the marsh
stratigraphy), this would allow block failure. This is likely to be particularly important at
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Warton, where the uppermost part of the cliff is reached only approximately 1% of the time
(Fig. 3.10). High magnitude events (e.g. storms) thus expose marsh substrates in the upper
stratigraphy to hydrodynamic forcing, albeit on an infrequent basis.

Visual observations at Warton have also highlighted a process, which has rarely been
discussed previously, whereby vegetation is stripped back from the marsh edge (Fig. 3.19).
The location of this close to the surface of the marsh edge raises the question of whether
low frequency, high magnitude events can predispose the upper cliff to block failure by
exceeding the substrate resistance to grain-by-grain erosion processes and removing the
sediment and ultimately the vegetation. If such vegetation stripping removes root content,
this could then weaken the upper cliff, particularly in sandy substrates and predispose it to
bulk failure processes in future high magnitude, low frequency events. Future work should
assess whether this is a plausible mechanism of erosion, and the extent to which it occurs in
different marshes.

Morphological change can be forced when a process occurs at an optimum magnitude and
frequency, allowing maximum ‘work’ in the system (Wolman and Miller, 1960). Tillingham
and Warton are exposed to different magnitudes and frequencies of hydrodynamic forcing
(Figs. 3.15 and 3.11). For example, Tillingham tidal flat is inundated more frequently than
that at Warton (see above), however the mean Hs at the tidal flat is higher at Warton (0.16m)
than at Tillingham (0.10 m; Table. 3.6). The relationship between the magnitude of waves and
the frequency to which the substrate is exposed to such waves then likely becomes important
in controlling rates of substrate erosion. For example, the relatively frequent inundation of the
cliff base at Warton compared to the marsh surface (Fig. 3.10) and the high Hs compared to
at Tillingham, combined with an extremely low erosion threshold, may explain the relatively
rapid erosion rate recorded at Warton. Such a rapid rate of undercutting, coupled with a strong
upper cliff section, may allow the cliffed morphology of the marsh edge to be maintained
over annual-to-decadal timescales. In contrast, the slower erosion rate at Tillingham could be
explained by the lower Hs, but more frequent inundation which, combined with a high erosion
threshold, does not provide sufficient force to erode the substrate in most circumstances. The
magnitude and frequency of exposure to hydrodynamic forcing is controlled by marsh and
tidal flat elevation within the tidal frame, and this acts together with substrate erodibility to
influence the rate of marsh edge erosion and also, potentially, marsh edge morphology.

It is also important to consider how the resistance of the marsh platform might change
over time as the marsh erodes. The erosion threshold, for example, increased inland at
Tillingham, from 0.53 N/m2 at the marsh edge to 1.65 N/m2 at the inner marsh. Similarly,
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the erosion threshold at Warton was lower at the marsh edge (0.17 N/m2) than on the inner
marsh (0.60 N/m2). This implies that the marsh platform would be more resistant to particle
detachment as more retreat occurred. However, other studies have also noted that substrate
properties, such as bulk density, may be modified as they near the marsh edge (Feagin et al.,
2009). The extent to which this occurs is therefore a priority for future research, as well as
the rate at which such changes in substrate properties occur and thus whether they can keep
pace with the rate of marsh edge retreat. Consideration of spatial variability in measures of
marsh erosion is therefore important to understand how the forcing-resistance relationship
might change as the outermost sections of the marsh are eroded.

8.5 The influence of local setting and marsh morphology
on marsh stability

This thesis has focused on how marsh substrate composition affects marsh edge erosion
processes and resistance to applied stress. However, the local setting and marsh edge
morphology cannot be taken as fixed over annual-to-decadal timescales and are themselves
a function of the preceding years-to-decades. They must therefore be considered when
assessing marsh stability. In reality, marsh substrate composition, hydrodynamic forcing,
local setting and marsh edge morphology are inextricably linked (Fig. 8.5). For example,
section 8.4 showed that, in addition to substrate composition, the magnitude and frequency
of hydrodynamic forcing is also important for marsh stability. In turn, the marsh substrate
composition is also determined by the local setting. This section highlights some of the links
between local setting, marsh morphology, hydrodynamic forcing and marsh composition,
and outlines what this might mean for marsh resistance and, ultimately, marsh stability.

As noted in Chapter 2, the local setting exerts a control on marsh sediment composition.
The hydroperiod (the frequency, duration and depth of flooding) is important in regulating
the delivery of sediment to the marsh surface (e.g. Reed, 1995; Cahoon et al., 2019), while
also influencing oxidation and thus the rate of belowground decomposition (Bandyopadhyay
et al., 1993). For example, modelling results from Goodwin and Mudd (2019) show that
the sediment supply of marsh platforms which are high within the tidal frame are highly
dependent on infrequent high deposition events (e.g. storms) which generally deposit coarser
sediment. This is reflected at Tillingham and Warton with Warton being higher in the
tidal frame (Fig. 3.10) and having a higher D50 compared to Tillingham (Table 5.5). Once
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Fig. 8.5 Schematic to show how marsh substrate composition, marsh edge morphology, local
setting (marsh elevation, geological context, sediment supply) and hydrodynamic forcing are
all interlinked.

deposited and consolidated into the sediment column, the composition of this substrate then
influences vertical and lateral marsh stability by affecting the resistance to both grain-by-grain
erosion and bulk shear processes. Understanding the local setting of a marsh (in terms of
elevation of a marsh platform within the tidal frame) is therefore paramount to understanding
both the sediment composition of the marsh and therefore the stability of the marsh platform
over annual-to-decadal timescales.

The composition of the marsh substrate will also depend on the type of sediment stores
(e.g. fluvial, offshore or from the tidal flat/marsh edge) and their characteristics (particle
size, clay mineralogy) supplied to the marsh surface. Therefore, if the sediment supply to
the marsh were to change (e.g. due to human influence on nearby rivers), the marsh may
receive less minerogenic input (e.g. Van der Wal and Pye, 2004), or a different particle size
distribution which can then affect the dominant aboveground and belowground processes.
The marsh, tidal flat and estuary therefore must be considered as a linked system (e.g. Singh
Chauhan, 2009), whereby changes in any of the three components can influence marsh
sediment supply and thus composition, which ultimately affects marsh stability in both the
vertical and lateral dimensions over annual-to-decadal timescales.

As such, it is important to note that the same processes which can erode a marsh (e.g.
storm surges, wave impacts) are also able to build a marsh platform and directly impact the
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composition of the marsh substrate. The processes causing marsh erosion therefore indirectly
affect the resistance of the marsh substrate to these same processes. This idea by which
the marsh becomes more resilient through its own destruction has been referred to in the
literature in terms of the factors influencing the build-up of marsh platforms and thus the
resistance to submergence (Reed, 1995). However, this has not been considered in terms of
the influence on future marsh erosion behaviour and erosion. This highlights the importance
of the balance between the magnitude and the frequency with which these processes occur,
and thus (a) whether they allow the marsh to accrete or expand laterally and (b) whether
this accretion or expansion is from a highly resistant (e.g. clay-rich) sediment, or whether
the grain size may actually predispose it to further erosion (in the case of coarser-grained
sediment).

The hydrodynamic forcing itself also varies with water depth and marsh edge morphology.
For example, wave thrust is higher on a vertical cliff than a ramped edge or a terraced scarp,
wave thrust increases as water depth fronting the impacted surface increases, but wave thrust
decreases rapidly upon marsh inundation (Tonelli et al., 2010). However, while shear stresses
have been modelled on concrete blocks and artificial reefs (e.g. Perkol-Finkel et al., 2006;
Yoshida et al., 2018), similar work does not exist to quantify shear stress for varying water
depths at the marsh margin across a variety of marsh edge morphologies. It is therefore
more difficult to understand to what extent a change in shear stress would occur following
an increase in water depth for a given marsh edge morphology. While the location and
magnitude of hydrologic forcing incident upon the marsh edge might vary with marsh edge
morphology (cliffed, ramped, ridge-runnel), it is also known that the marsh edge morphology
is itself a consequence of the exposure to hydrodynamic forcing (Evans et al., 2019). Both
marsh edge morphology and hydrodynamic forcing are therefore closely interlinked.

As shown in this thesis, substrate composition in the form of more erodible coarser
layers may affect hydrodynamic forcing by creating topographic irregularities and turbulence
(section 8.4). Substrate composition can also potentially affect marsh edge morphology,
which, acting in conjunction with hydrodynamic forcing, then affects the erosion processes
at each site. For example, the slope with which the marsh grades into the tidal flat is an
important control on marsh erosion rate and marsh edge morphology, as an increased slope
allows focusing of wave energy which can result in the formation of a cliffed marsh edge
(Van de Koppel et al., 2005). This is, in part, a result of tidal flat lowering rates. As shown in
Chapter 5, the erosion threshold on the tidal flat at Warton was extremely low (0.14 N/m2),
and lower than at the marsh edge (0.17 2). Combined with the more frequent exposure of
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the tidal flat to hydrodynamic forcing than the marsh edge surface (see section 8.4), this
will have allowed preferential erosion of the tidal flat from the top down, which resulted in
a stepped, cliffed morphology. This may have been further enhanced by resuspension of
tidal flat sediment which was subsequently deposited on the marsh surface (e.g. Mariotti and
Fagherazzi, 2010), allowing faster marsh accretion and thus formation of a cliffed edge upon
which wave energy becomes focused (e.g. Singh Chauhan, 2009). The lower section of the
cliff is then exposed to hydrodynamic forcing more frequently, which allows erosion of the
highly erodible coarse-grained substrate, as noted in section 8.3.1.

In contrast, the erosion threshold at Tillingham was higher than at Warton, and the tidal
flat erosion threshold was higher than on the marsh. Here, the tidal flat could not erode
downwards as fast as at Warton, so an exposed cliff could not form. Local variations in
vegetation cover may have allowed initial flow to be channelled (e.g. Temmerman et al.,
2007), causing the initial form of the ridge-runnel topography. At present, wave- and
tidal-induced currents need to run over or along the ridge-runnel topography to produce
grain-by-grain erosion at Tillingham. As flow will be concentrated along the runnels, this
self-sustains the ridge-runnel marsh edge morphology. While any undercutting which does
occur at Tillingham is very slow, the lack of noticeable undercutting in photos (Fig. 8.2)
may also be a product of the cross-shore slope and therefore the relatively small vertical
scale over which undercutting and subsequent block failure could potentially take place.
At both sites, therefore, the current marsh edge morphology and erosion processes are a
reflection of how the marsh has previously evolved and how it may continue to do so in
the future. It can therefore be concluded that the present marsh edge morphology, local
setting, hydrodynamic forcing and marsh substrate composition are inextricably linked, and
their combined influence affects the stability of the marsh platform. A key question which
therefore arises for future research is the relative roles of hydrodynamic forcing, local setting,
marsh edge morphology and marsh substrate composition in controlling marsh stability. To
realise such a goal, models of marsh edge erosion and landform evolution must incorporate
an accurate and detailed representation of marsh substrate composition, which is not currently
encapsulated.

8.6 Summary

Changes in the position of the marsh edge and marsh surface elevation were presented
for both Tillingham and Warton in Chapter 5 in response to Objective 3a. Section 8.2
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highlighted that the relationships between marsh substrate composition and erosion processes
are highly complicated and that there is interaction between various components of substrate
composition (particle size, clay mineralogy, root content). These ultimately influence the
dominant erosion processes (grain-by grain erosion, toppling failure or cantilever failure)
at the marsh edge. For example, this Chapter suggests that marshes with higher smectite
content exhibit tension crack formation and toppling, while sandy marshes are more likely
to experience rapid undercutting, with failure of the overlying block being affected by both
block width and root tensile strength (Objective 3b).

Section 8.3.1 demonstrated how variations in marsh substrate composition over millimetre-
metre scales across a single marsh can affect the resistance of a marsh platform to erosion
over annual-to-decadal timescales (Objective 3c). In particular,layers of variation in particle
size (such as storm deposits), are important in controlling salt marsh substrate resistance to
erosion and therefore the lateral erosion rate, particularly through the influence of particle
size on the erosion threshold. Such layering must be considered alongside the presence
of organic matter and roots in the upper sections of marsh substrates. The role of roots in
providing strength to the substrate was shown to be greater in sandy substrates, based on
comparison of both lab- and field-based test results.

The oedometer results presented in this thesis also have implications for vertical marsh
resistance to deformation. Based on results from the oedometer tests, the sediment composi-
tion was important for understanding the compressibility of the marsh substrate in response
to loading during infrequent storm surge events. A higher void ratio (likely a result of in-
creased organic content or particle size) resulted in greater axial displacement during loading.
However, consolidation also reduces the void ratio, which then has been shown to increase
the substrate shear strength (Chapter 6). As such, consolidation of the marsh surface during
infrequent inundation events may make the marsh edge more resistant to processes causing
lateral retreat. The vertical and lateral stability of the marsh are therefore closely interlinked,
and also highly dependent on substrate composition. Such linkages have not currently been
fully taken into account in existing vertical or lateral marsh change models, and this must be
achieved in order to accurately model both vertical and lateral marsh change into the future.

These insights were then added to in section 8.4 which assessed how the marsh substrate
resistance (discussed previously), in conjunction with the magnitude and frequency of
hydrodynamic forcing, can affect the stability of the marsh platform over annual-to-decadal
timescales. This was linked with known rates of vertical and lateral change at Tillingham and
Warton (Objectives 3c and 3d). In the case of Warton and Tillingham, the results from this
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study suggest that the differences in the type and rate of erosion between the two sites are
primarily due to how the substrate composition and the local hydrodynamic setting interact.
At Warton, the relatively high sand content and thus low erosion threshold, combined with
the relatively frequent inundation and higher wave energy at the bottom of the marsh cliff
allow a rapid rate of undercutting, which results in a faster End Point Rate (EPR). Despite the
tidal flat at Tillingham being inundated more frequently and for longer than that at Warton,
the high clay content and erosion threshold appear to limit the rate of particle detachment,
allowing the position of the marsh edge to retreat relatively slowly over annual-to-decadal
timescales. However, lateral marsh erosion rates may change over time due to differences in
substrate erodibility inland. For example, an increase in the erosion threshold at the inner
marsh compared to the marsh edge implied that the marsh platform would become more
resistant to particle detachment, as retreat occurred. However, given that marsh sediment
properties are known to change as they become increasingly exposed nearer the marsh edge
(Feagin et al., 2009) further work is needed to fully understand how current inner marsh
substrate strength might be altered if the marsh edge were to retreat and eventually expose
these sediments.

Finally, section 8.5 identified how the marsh substrate composition and thus resistance
may affect, and be affected by, the local setting, hydrodynamic forcing and marsh edge mor-
phology. By highlighting the high level of interaction between these factors, this final section
demonstrates that marsh evolution models must incorporate a more detailed representation of
marsh substrate composition.





Chapter 9

Conclusions

9.1 Main research findings

This thesis has particularly focused on the sub-annual response of the marsh substrate to
applied stress, including both near-instantaneous grain entrainment responses to shear stress,
as well as processes which occur over hours-days, such as wetting and drying. Chapter 2
highlighted how individual marsh attributes affect the substrate resistance to such applied
stress. It identified a current lack of research into how the combination of minerogenic
and organic substrate components influences marsh resistance to erosion. Finally, it also
illustrated how contextual factors influence the marsh attributes, and the attributes and
processes influence each other in an iterative manner over time.

In order to address the knowledge gap, two field sites with contrasting substrate types
(clay/silt-dominated at Tillingham and silt/sand-dominated at Warton) were chosen, repre-
senting the ends of the range of variability in minerogenic marsh substrate composition found
in the UK. These sites were both open coast sites with a history of exposure to high energy
conditions, and were found on the South East (Tillingham) and North West (Warton) coasts
of the UK, thus had differing orientations with respect to prevailing winds. By characterising
marsh substrate composition and combining both existing and novel methods to understand
marsh shear strength, this thesis was able to identify individual, and combinations of, sub-
strate properties which influence marsh resistance to erosion and therefore substrate stability.
Fig 9.1 revisits the conceptual diagram introduced in Chapter 2 and identifies the specific
contributions of this thesis. In summary, this thesis has contributed to our understanding of
how specific marsh attributes (bulk density/porosity, clay mineralogy, organic content, grain
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size, root properties and voids/cracks; Fig. 9.1) interact and affect substrate resistance to
erosion. The implications of this for processes over annual-to-decadal timescales (e.g. event-
based compaction and the influence on marsh platform elevation over annual-to-decadal
timescales) has been discussed and the longer-term (decades or longer) influence has been
considered (e.g. consolidation; Fig. 9.1).

Fig. 9.1 Summary of contributions to the field of research, based on the conceptual diagram
introduced in Chapter 2. Circles indicate understanding of attributes (red), processes (blue)
and links (green) to which this thesis has contributed.

This thesis has, for the first time, applied strictly-controlled laboratory-based geotechnical
methods (shear box, ring shear and oedometer) to two contrasting UK salt marsh substrates
(sand- and silt/clay-dominated) to understand the response of minerogenic marsh substrates
to applied shear and normal stress. These detailed methods have accurately quantified
parameters (e.g. cohesional and frictional component of substrate shear strength) and
measured millimetre-scale deformations (e.g. vertical deformation magnitude and recovery
following applied normal stress), both of which geotechnical theory can clearly relate
to substrate composition. In doing so, this research has successfully demonstrated links
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between substrate composition (clay content, particle size distribution and root content),
marsh processes (desiccation and consolidation) and ultimately substrate resistance to erosion
or deformation. Clay content, in particular smectite, was shown to increase the shrink-swell
properties of the substrate, and this may be linked to toppling failures. A coarser grain size
was linked to a higher angle of internal friction and peak shear strength, and roots were
shown to increase substrate strength more in coarser-grained substrates.

In addition, this thesis has demonstrated that specific substrate properties are important
for different erosion processes. This study compared vane-based measurements of substrate
resistance to bulk failure processes and CSM measurements of the erosion threshold (substrate
resistance to grain-by grain erosion). Resistance to bulk failure processes was quantitatively
linked to root mass, organic content and also minerogenic substrate components, while the
erosion threshold was not affected by root content. This research has therefore challenged
the common assumption that substrates have either ‘high’, ‘medium’ or ‘low’ resistance
to erosion, but rather that the resistance to erosion depends on the specific erosion process
in question (bulk failures vs. particle detachment). In reality, a range of erosion processes
should be considered in order to fully understand marsh substrate resistance.

Finally, the erosion threshold was found to heavily influence the marsh edge erosion rate.
This thesis therefore highlights that, in order to ensure the persistence of these landforms and
thus their ecosystem services into the future, the particle size distribution and thus the erosion
threshold of the sediments should be considered as of equal importance to the vegetation.

These results have important implications in particular for those studies modelling marsh
erosion processes and/or rates. This thesis has demonstrated that the effect of some attributes
of substrate composition (e.g. roots) likely depends on the substrate particle size distribution,
with the effect of roots being higher in coarser grained substrates. Roots will therefore
increase the resistance of a course-grained substrate to bulk failure processes more than they
would a fine-grained substrate. In contrast, particle size affects the substrate erodibility, with
coarser grains being more erodible. Models focusing on marsh edges over smaller (10s of
metres) scales must therefore explicitly specify the erosion processes they aim to represent,
and must also parameterise the substrate resistance to the erosion process(es) in question
accordingly. It is no longer sufficient to use a single erodibility coefficient to cover several
erosion processes, nor is it acceptable to consider the marsh as a homogeneous platform
(both vertically and laterally). At a minimum, those models focusing on cliffed marsh edges
should include a two-part stratigraphy to account for the upper section (where the influence
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of both sediment type and roots is apparent) and a lower section (where the influence of
mainly sediment size is incorporated).

9.2 Recommendations for future work

This thesis has added to our understanding of how marsh substrate composition influences
both the type and rate of erosion at the marsh edge. It has also identified geotechnical
methods which have, until now, not been applied to salt marsh substrates for the purpose of
understanding marsh responses to hydrodynamic forcing. This research has also highlighted
important areas which require further work.

9.2.1 Improving the comparability of future measurements of coastal
wetland resistance

This thesis has demonstrated that a variety of methods are relevant to the measurement of
salt marsh substrate shear strength. However, existing datasets are often acquired through
different methodologies and/or reported in different formats. This limits our ability to
compare results between sites, seasons and before/after application of management practices.
Two specific recommendations for future research can be made in this context:

Improving measurements of undrained shear strength:

Torvanes and shear vanes have, until now, been used interchangeably on salt marshes,
with both pieces of apparatus simply being referred to as a ‘vane’. However, the results
from this study have shown that it is imperative that consistent and specific terminology is
used when discussing shear strength measurements. Thus, authors should specifically refer
to each apparatus as either a ‘torvane’ (synonymously a ‘pocket vane’), or a ‘shear vane’,
which is consistent with the geotechnical literature. The model should also be noted. If
currently published datasets are to be used for wider analysis by others, the manufacturer
and model number of the apparatus should be obtained from the authors. To further ensure
comparability, it would be beneficial to develop an industry standard for a vane model to be
used in the field, with all studies, wherever possible, using the same model of shear vane
or torvane and clearly stipulating the model in the methods. While torvanes are useful for
quick, initial scoping studies, the measurements have been shown to be highly variable in
wetland soils and therefore are not recommended for quantitative analyses of undrained shear



9.2 Recommendations for future work 339

strength (Jafari et al., 2019). A shear vane is therefore recommended rather than a torvane,
especially as the torvane measurements were not affected by root content, which we know to
be important in bulk failure processes (see section 7.5). The shear vane-derived undrained
shear strength also allows statistical differences in shear strength between sampling sites
and locations to be determined (e.g. Table 5.14). To further improve the correction factor
described above (Torvane strength = 9.28*Log10(Shear vane strength) - 2.22), datasets from
other marsh sites spanning a range of substrate properties, such as particle size and root
structures, must also be obtained and used in the analysis to further validate this conversion
factor. These recommendations will ensure that measurements are comparable between sites
and studies, greatly enhancing the scope for further analysis of datasets collected at different
points in time or locations across space (Objective 2e).

Improving measurements of the erosion threshold:

While the methodology of machine deployment and data processing is generally well-
defined (e.g. Paterson, 1989; Vardy et al., 2007), the use of the CSM in this study highlighted
potential methodological modifications which would enhance the technique. Such variations
to the method are highlighted below and are able to improve measurements in particular situ-
ations. The section below also provides explicit guidance on particular patterns in the CSM
light transmission data, which are not covered in the standard methodology. By identifying
these patterns and developing standard protocols for erosion threshold measurement, this will
ensure consistency in the application and processing of CSM data for salt marsh substrates.

Firstly, there are implications of using different light transmission thresholds to determine
the ‘erosion threshold’ of the sediment surface. Until now, most studies have defined the
erosion threshold as the point at which light transmission drops by 10% (i.e. to 90%) relative
to the initial value (e.g. Tolhurst et al., 2000b; Watts et al., 2003; Widdows et al., 2007;
Grabowski et al., 2012). However, some experts have noted that it may be beneficial to use
the point at which light transmission drops to 50% of the initial value, for those measurements
taken in the field (A. Blight, pers. comm. 2019). Despite the absolute pressure at the erosion
threshold being different depending on the threshold used, both thresholds in this study
reproduced the same general trend, demonstrating consistency between the two methods.
Therefore, both the 90% and 50% erosion thresholds are adequate when comparing multiple
field sites or locations within a site, providing that a fully quantitative comparison is not
required. However, for quantitative data, i.e. denoting the pressure at which erosion might
occur, consistency in the threshold is required. Thus, if the results are to be used as absolute
values of the shear stress required to mobilise the sediment, the 90% erosion threshold is
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more suitable. The 90% erosion threshold errs on the side of caution, giving the lowest shear
stress at which the substrate would be entrained, whereas the 50% erosion threshold could
overpredict the shear stress, and erosion could occur before this value was reached. The
50% erosion threshold would therefore not be recommended for applications assessing the
response of the marsh to increasing wave power, sea-level rise or for inferring the longevity
of the marsh, as this would overpredict marsh stability. However, the 50% erosion threshold
might be useful as it is more representative of the threshold beyond which full erosion of
the surface takes place, rather than just erosion of the recently-deposited, unconsolidated
surface layer. The most appropriate light transmission threshold to use therefore depends on
what type of erosion is the focus of the investigation (e.g. initiation of surface erosion vs.
larger-scale erosion of material). By following the above recommendations, the consistency,
comparability, and interpretation of CSM measurements can be much improved.

When processing the erosion threshold data, several ‘non-standard’ patterns emerged in
the light transmission response. To ensure consistent results between both different studies
and individual measurements within a particular study, a methodology was devised and
is outlined below to deal with these patterns, and possible explanations for these patterns
were considered. Firstly, there were plots in which there appeared to be multiple thresholds
(Fig. 9.2a). This was likely because there may have been some oscillation in transmission
as individual flocs or particles were entrained, but before the bed properly eroded. It is
therefore recommended that the final threshold value is used, and that the transmission graph
is checked for a continual fall in transmission after reaching this threshold.

Secondly, sometimes the transmission increased briefly from the initial transmission,
reaching a maximum transmission a few seconds after the initial measurement (Fig. 9.2b).
For these measurements, it is recommended to use the maximum transmission as the ’initial’
transmission. In these cases it is likely that the initial increase in transmission was because
the test was started before all disturbance from the placement of the chamber had been
dissipated. Alternatively, the jet firing may have allowed some water (and thus also some
entrained sediment) to squeeze out of the top of the chamber, thus being lost from the system.

Finally, some measurements had a very sudden initial drop in transmission, often crossing
well past the erosion threshold (Fig. 9.2c). For these measurements, a detailed assessment of
the data had to be undertaken, checking the individual data points which were averaged to
provide an average transmission between 0.2 and 1.2 seconds after the firing of the jet. The
first row of data was checked to have a fairly constant transmission from 0.2–1.2 seconds,
as the jet had not yet been fired. The start values of the following rows were then checked
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Fig. 9.2 Schematic of the non-standard changes in light transmission found in this study,
including multiple thresholds (a), an initial transmission increase (b) and a sudden initial
drop (c). Example samples of each type of behaviour are shown from Tillingham inner marsh
at 0 cm depth (d), Tillingham marsh edge at 0 cm depth (e) and Tillingham creek edge at 20
cm depth (f) are shown for comparison.

and ideally started at a value similar to, or slightly lower than, the initial transmission in the
first row. Between 0.2 and 1.2 seconds, the transmission in these rows should then decrease
and the erosion threshold was recorded as the line in which transmission decreased below
the threshold in any given row (i.e. following the firing of a particular jet pressure). In
most cases, this rapid decrease in transmission was simply because the substrate eroded
very fast and therefore had a very low erosion threshold. Future studies should follow these
data processing guidelines, and always state which pre-defined programme was used. This
should produce an accepted, quantitative methodology, with greater consistency between
users (Objective 2e).
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9.2.2 Advancing the application of geotechnical methods

Chapter 6 characterised the peak strength, residual strength and also the cohesional and
frictional components of strength at the marsh edge (0 - 30 cm depth and 30 - 60 cm depth)
and on the tidal flat at both Tillingham and Warton. This was the first time these methods
were applied to salt marsh substrates for the purpose of understanding marsh shear strength.
While the influence of the clay mineral content on shear strength was low, the size and shape
of the grains was important.

The intricate nature of the shear box and ring shear tests have provided several advantages,
not least the ability to test an almost entirely undisturbed field sample, while precisely
measuring changes in axial displacement normal to the direction of shear, as well as strain
in the direction of shear. However, future users of the method in salt mash environments
must take the following concepts into account. Firstly, the shear stress at the failure plane is
generally non-uniform and, as such, failure will have occurred progressively from the edges
towards the centre of the specimen. In addition, the equipment was neither designed, nor able,
to measure the pore water pressure, so this had to be assumed to be zero. By keeping the shear
rate very slow, at a rate defined by the T100 (see Chapter 4), the chances of this assumption
being incorrect were minimised. While the Mohr-Coulomb failure criterion assumes a
simple elastic, perfectly plastic substrate (Knappett and Craig, 2012), soils generally do not
perfectly conform to this model. Similarly, it is recognised that soils, particularly in salt
marsh environments, are heterogeneous and exhibit anisotropy (for example, as a result of
preferred orientations of particles, roots and stratigraphic layers; Barnes 2010). As such, the
values of cohesion and the effective angle of shearing resistance calculated here will likely
vary across space and also with direction of shear.

This study hypothesised that the reduction in strength at the marsh surface between the
peak and residual scenarios (for both peak strength and the angle of internal friction) was
due to root content. In light of these results, the use of shear box and ring shear tests could
be further enhanced by using them alongside other methods which provide additional insight
into the results provided by these methods. For example, future work could link the shear
box and ring shear data directly to tensile strength measurements of roots, which would
provide quantitative evidence of the strength provided by individual root fibres. This could
be further enhanced by linking with micro-CT scanning (see, for example, Spencer et al.,
2017) to understand belowground root structure for various species and the influence this
may have on substrate shear strength.
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Specific modifications to the methods used in this study could also be made to more
closely replicate the conditions in the field. While this study assessed the impact of monotonic
stresses on substrate shear strength, future work could use a Dynamic Back Pressure Shear
Box in order to look at the cyclic application of shear stresses, which more closely resembles
the forces experienced in the field with the cyclic oscillation of pressure induced by waves
and tides.

While the value of using geotechnical methods has been demonstrated in terms of their
ability to isolate the strength provided to the substrate by roots, and also to identify specific
marsh properties, such as particle size which may be affecting substrate shear strength, they
are time-consuming. This is particularly the case for oedometer tests. Detailed laboratory-
based geotechnical tests may therefore primarily be recommended for specific management
schemes, where detailed monitoring is undertaken over a period of months or years, but not
for comparisons between several marsh locations.

While such methods (shear box, ring shear and oedometer) are generally used as single
point measurements indicative of wider site characteristics on construction sites, the validity
of a one-point sampling technique for marsh substrates is yet to be determined. This thesis
has highlighted the high variability in marsh composition, both across a scale of centimetres
to a scale of hundreds of metres. The natural variability of results (e.g. c′ and ϕ ′) from such
methods for ‘replicate’ samples taken from the ‘same’ location is therefore unknown. To
ensure maximum benefit from using these time-intensive methods, a larger dataset needs
to be produced. Future work is therefore needed to assess the heterogeneity in salt marsh
substrate behaviour in response to applied shear and normal stress across space within a
marsh or along a specific coastline. This would indicate both the natural variability of these
properties across a given marsh, or coastline, as well as the possible error on samples analysed
from a particular location. As a result, ‘real’ changes and those simply falling within the
realm of natural variability would be identifiable. Furthermore, while this study has focused
on minerogenic, open coast marshes, future work should focus on organic-rich marshes,
and other marsh settings (for example estuarine or back barrier) to characterise substrate
behaviour in response to shear or normal stresses at the end members of the spectrum of
marsh composition. This would allow a better understanding as to whether differences in
results between locations are due to methodological errors, or whether they reflect a real
difference.
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9.2.3 Ensuring the use of a range of methods appropriate to the re-
search aim

This thesis has highlighted that different methods of measuring substrate strength capture
different processes (drained vs undrained and grain-by-grain erosion vs bulk failure) and,
as a result, are affected by different substrate properties. The shear box and ring shear tests
recorded the drained strength of soils, where the rate of changes in total applied stress is
slower than the rate of dissipation of excess pore water pressure, such that the stress is
often applied over a timescale on the order of weeks. In contrast, the shear vane measured
the undrained strength and thus the substrate response to rapid, near-instantaneous stress
application. All of the above tests measured the resistance of the substrate to bulk failure
processes, however the CSM measured the erosion threshold and therefore the resistance to
grain-by-grain erosion. As a result, the CSM results were primarily influenced by particulate
organic content, particle size and sorting, in contrast to the combined influence of the root,
particulate organic and minerogenic substrate components which affected the shear box, ring
shear and vane results.

Which device to use in which circumstance is thus an important consideration. While
the shear vane, torvane and CSM all have a very similar footprint (covering an area of
sediment circa 3 cm2), the footprint of the shear vane is more three dimensional than either
the torvane or CSM. The magnitude and frequency of the process to be measured must also
be considered. For example, erosion through the CSM jet acts at a similar rate to that which
might be experienced in the field, from flow across the surface or along the marsh edge.
However, the vanes, in general, move much faster than any creep-type process in the field
would take place, meaning that in the vane tests there is little opportunity for the sediment to
remould and thus to retain some strength.

The above highlights that (a) the choice of method (CSM, shear vane or torvane) is
inherently dependent on the aim of the research and (b) if the CSM is the appropriate method,
a clear and consistent methodology for analysis of light transmission results must be applied
(Objective 2e).

9.2.4 Improving the parameterisation of marsh evolution models

This thesis has highlighted how the precise erosion processes and erosion rates occurring
at the marsh edge depend on a combination of substrate composition, inundation frequency
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and hydrodynamic forcing. While models are already able to simulate inundation frequency
and hydrodynamic forcing, they do not currently incorporate substrate composition, but
rather use an "erodibility coefficient", which is often not parameterised based on site-specific
measurements. However, Chapter 7 demonstrated that measurements of erodibility and
undrained shear strength are highly variable, especially when comparing different marshes
(Table 5.2). This thesis has therefore highlighted that the erodibility coefficient used in
models needs to be parameterised based on field or laboratory measurements from the
particular marsh being modelled. At worst, models should use other measurements from the
same coastline, from a marsh with a similar substrate composition and hydrodynamic setting
(back-barrier, estuarine or open coast) to the marsh in question. This will ensure the accuracy
of process-based models.

Models should also explicitly note which erosion processes they are representing and
parameterise substrate resistance accordingly. At present, several models use the critical
erosion shear stress to parameterise substrate resistance, but this only reflects grain-by-grain
erosion processes. Chapter 7 clearly demonstrates that it cannot be assumed that those
substrates with a high resistance to grain-by-grain erosion also have a high resistance to
bulk failure. As such, models need to discriminate between resistance to bulk failure and
erodibility and parameterise accordingly. Those which only consider a subset of processes
must state this clearly from the outset, to ensure that results are not mis-interpreted and taken
out of context.

There is also a lack of numerical modelling to understand the precise physics behind
erosion processes which occur at the marsh edge. Such models offer an opportunity for
sensitivity analysis, to understand combination of gravitational, hydrostatic and hydrody-
namic forcing that may produce failure over the full range of substrate compositions which
can occur in the field. As these models work on specific processes, over smaller timescales
(seconds to a few years) and space scales (within an individual marsh), a two- or three-part
stratigraphy should be considered to encompass variations in substrate composition and
therefore resistance to erosion (e.g. Brooks et al., 2021). This thesis has demonstrated that
shear box and ring shear tests take the initial step in providing this substrate strength data
for both layers, particularly by shedding light on the importance of roots in the surface layer
(Chapter 6). The erodibility coefficient should therefore not be assumed to be homogeneous
within a marsh. This is particularly the case for numerical models of undercutting and
cantilever failure, for which surface measurements of substrate resistance to bulk failure
processes may need to be modelled alongside the erosion threshold of the lower section of
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the marsh cliff. Likewise, models of tension crack and toppling failure need to incorporate a
layered stratigraphy, as the presence/absence of vegetation is known the affect the width and
depth of tension cracks (Francalanci et al., 2013) and thus their propensity to fail. The ability
to accurately model these erosion processes is particularly important, given the difficulties
associated with recording marsh edge erosion processes in real-time (see Chapter 2). By
incorporating a two- or three-part stratigraphy into these models, the specific influence of
variations in marsh substrate composition on the presence and rates of different erosion
processes could be investigated in a more detailed manner than field and laboratory tests
allow.

Finally, this thesis has highlighted that marsh substrates can consolidate in response to
hydrostatic stress applied during storms, and that this consolidation can be irrecoverable.
Longer-timescale models (years to centuries) of vertical marsh response to future sea-level
rise, must therefore consider the magnitude and duration of consolidation which can take
place in response to storms and the resultant effect on the marsh elevation within the tidal
frame. Marsh elevation within the tidal frame affects the inundation frequency/duration and
sediment supply, both of which affect the ability of the marsh to persist vertically (Kirwan
et al., 2010; Kirwan and Megonigal, 2013). This will allow us to more accurately constrain
the vertical resilience of marsh platforms into the future.
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A

Fig. A.1 Rainfall data at Tillingham, for 11th-17th July 2017. Data obtained from Hollis et al.
(2018): https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb (Accessed:
28/11/2020).

https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb


388 A

Fig. A.2 Rainfall data at Tillingham, for 22nd-28th September 2017. Data obtained from
Hollis et al. (2018): https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
(Accessed: 28/11/2020).

Fig. A.3 Rainfall data at Tillingham, for 9th-15th October 2018. Data obtained from Hol-
lis et al. (2018): https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
(Accessed: 28/11/2020).

https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
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Fig. A.4 Rainfall data at Tillingham, for 23rd-29th November 2018. Data obtained from
Hollis et al. (2018): https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
(Accessed: 28/11/2020).

Fig. A.5 Rainfall data at Warton, for 1st-7th July 2018. Data obtained from Hollis et al.
(2018): https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb (Accessed:
28/11/2020).

https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
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Fig. A.6 Rainfall data at Warton, for 12th-18th October 2018. Data obtained from Hollis et al.
(2018): https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb (Accessed:
28/11/2020).

https://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
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Code Example 1 : Python code used to extract the erosion threshold and suspension index
from the CSM data. The example here uses a minimum R2 value of 0.7 for when calculating
the suspension index.

import pandas as pd

import matplotlib.pyplot as plt

import numpy as np

from scipy import stats

from scipy import interpolate

outputpath= 'C:/Users /.../ CSM_automated/'

graphpath= 'C:/Users /.../ CSM_automated/Graphs/'

path = "C:/Users /.../ CSM_automated/"

df = pd.read_csv(path + "Initial_Transmission_Vals.csv")

Initial_Transmission_PCT =df ['Initial_Transmission_PCT ']

print(Initial_Transmission_PCT)

variables =[]

SuspInd90 =[]

SuspInd50 =[]

PressurekPa_90 =[]

PressurekPa_50 =[]

TransmissionPCT_90 =[]

TransmissionPCT_50 =[]

r_val_Si50 =[]

r_val_Si90 =[]

no_pts_for_Si90 =[]

no_pts_for_Si50 =[]

allot =[]

test1 =[]

files = pd.read_csv(path +"CSM_samplecodes.csv")

#READ IN DATA AND RUN THROUGH FILES

for i in range(len(files)):
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data=pd.read_csv(files.filename[i],skiprows=1,sep='\s*,\s*',engine=

↪→ 'python ')

data=data.rename(columns ={'0.0000 ':'PressurePsi ','0.0000.1 ':'0.0000

↪→ '})

print(data.columns.tolist ())

print(data.head())

data['PressurekPa ']=data['PressurePsi ']*6.895

data['MeanTransmissionPCT ']=data[['0.2000 ','0.3000 ','0.4000 ','

↪→ 0.5000 ','0.6000 ','0.7000 ', '0.8000 ','0.9000 ','1.0000 ','1.1000

↪→ ','1.2000 ']]. mean(axis =1)

data['PCT90']=90

data['PCT90ofStart ']= Initial_Transmission_PCT[i]*0.9

data['PCT50ofStart ']= Initial_Transmission_PCT[i]*0.5

#INTERPOLATE MeanTransmissionPCT , USING SciPy

f=interpolate.interp1d(data.PressurekPa ,data.MeanTransmissionPCT)

PressurekPaNew=np.linspace(data.PressurekPa.min(),data.PressurekPa.

↪→ max(),num =100000) #creating an interpolated line with 100 ,000

↪→ points

MeanTransmissionPCTNew=f(PressurekPaNew)

#do same again for PCT90ofStart

f1=interpolate.interp1d(data.PressurekPa ,data.PCT90ofStart)

PressurekPaNew1=np.linspace(data.PressurekPa.min(),data.PressurekPa

↪→ .max(),num =100000)

PCT90ofStartNew=f1(PressurekPaNew1)

#do same again for PCT50ofStart

f2=interpolate.interp1d(data.PressurekPa ,data.PCT50ofStart)

PressurekPaNew2=np.linspace(data.PressurekPa.min(),data.PressurekPa

↪→ .max(),num =100000)

PCT50ofStartNew=f2(PressurekPaNew2)

#CREATE A FIGURE

fig=plt.figure ()

plt.plot(PressurekPaNew ,MeanTransmissionPCTNew ,color='black')

plt.plot(data.PressurekPa ,data.MeanTransmissionPCT ,label='Recorded 

↪→ Transmission ',color='black ',marker='+',markeredgewidth='2',

↪→ linewidth='2')

plt.plot(data.PressurekPa ,data.PCT90ofStart ,label='90% of Start 

↪→ Transmission ',color='darkred ',linestyle='-.',linewidth =2)

plt.plot(data.PressurekPa ,data.PCT50ofStart ,label='50% of Start 

↪→ Transmission ',color='darkred ',linestyle='--',linewidth =2)

idx90=np.argwhere(np.diff(np.sign(PCT90ofStartNew -

↪→ MeanTransmissionPCTNew))).flatten ()

plt.plot(PressurekPaNew1[idx90],MeanTransmissionPCTNew[idx90],'ro',

↪→ markersize='8',label='90% Threshold ')

idx50=np.argwhere(np.diff(np.sign(MeanTransmissionPCTNew -

↪→ PCT50ofStartNew))).flatten ()

plt.plot(PressurekPaNew2[idx50],MeanTransmissionPCTNew[idx50],'ro',

↪→ markersize='8',label='50% Threshold ')

plt.legend(loc='upper right')

plt.xlim (0 ,425)
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plt.ylim (0 ,100)

plt.xlabel('Pressure (kPa)',fontsize='14',ha='center ',va='top',

↪→ fontweight='bold')

plt.ylabel('Mean Transmission (%)',fontsize='14',ha='center ',va='

↪→ center ',rotation='vertical ',fontweight='bold')

plt.title('%s' %(files.SampleName[i]),fontweight='bold',fontsize='

↪→ 18',ha='center ',va='bottom ')

plt.tight_layout ()

plt.tight_layout(pad=2,w_pad=2,h_pad =2)

plt.show()

plt.savefig(graphpath+ '%s.png' %(files.SampleName[i]),dpi =600)

print('IDX50:Pressure:',PressurekPaNew2[idx50],'Transmission:',

↪→ MeanTransmissionPCTNew[idx50])

print('IDX90:Pressure:',PressurekPaNew2[idx90],'Transmission:',

↪→ MeanTransmissionPCTNew[idx90])

print('END')

PressurekPa50=PressurekPaNew2[idx50]

PressurekPa90=PressurekPaNew2[idx90]

PressurekPa_50.append(PressurekPa50)

PressurekPa_90.append(PressurekPa90)

TransmissionPCT50=MeanTransmissionPCTNew[idx50]

TransmissionPCT90=MeanTransmissionPCTNew[idx90]

TransmissionPCT_50.append(TransmissionPCT50)

TransmissionPCT_90.append(TransmissionPCT90)

samplename=files.SampleName[i]

variables.append(samplename)

#CALCULATING THE SUSPENSION INDEX

SIidx90=np.array(np.argwhere(np.diff(np.sign(data.PCT90ofStart -data

↪→ .MeanTransmissionPCT))).flatten ())

plt.plot(data.PressurekPa[SIidx90],data.MeanTransmissionPCT[SIidx90

↪→ ],'ro',markersize='8',label='90% Threshold ')

outputcoords=data[['PressurekPa ','MeanTransmissionPCT ']][ SIidx90

↪→ [ -1]+1: SIidx90 [ -1]+6]

slope ,intercept ,r_value ,p_value ,std_err=stats.linregress(

↪→ outputcoords.PressurekPa ,outputcoords.MeanTransmissionPCT)

R2=np.square(r_value)

if R2 > 0.7:

SuspInd90.append(abs(slope))

r_val_Si90.append(R2)

no_pts_for_Si90.append('5')

elif R2 < 0.7:

outputcoordsx4=data[['PressurekPa ','MeanTransmissionPCT ']][

↪→ SIidx90 [ -1]+1: SIidx90 [ -1]+5]

slopex4 ,interceptx4 ,r_valuex4 ,p_valuex4 ,std_errx4=stats.

↪→ linregress(outputcoordsx4.PressurekPa ,outputcoordsx4.

↪→ MeanTransmissionPCT)

R2x4=np.square(r_valuex4)
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if R2x4 > 0.7:

SuspInd90.append(abs(slopex4))

r_val_Si90.append(R2x4)

no_pts_for_Si90.append('4')

elif R2x4 < 0.7:

outputcoordsx3=data[['PressurekPa ','MeanTransmissionPCT ']][

↪→ SIidx90 [ -1]+1: SIidx90 [ -1]+4]

slopex3 ,interceptx3 ,r_valuex3 ,p_valuex3 ,std_errx3=stats.

↪→ linregress(outputcoordsx3.PressurekPa ,outputcoordsx3.

↪→ MeanTransmissionPCT)

R2x3=np.square(r_valuex3)

if R2x3 > 0.7:

SuspInd90.append(abs(slopex3))

r_val_Si90.append(R2x3)

no_pts_for_Si90.append('3')

else:

SuspInd90.append('NaN')

r_val_Si90.append('NaN')

no_pts_for_Si90.append('NaN')

if len(idx50) < 1:

SI50='NaN'

RvalSI50='NaN'

no_pts_Si50='NaN'

SuspInd50.append(SI50)

r_val_Si50.append(RvalSI50)

no_pts_for_Si50.append(no_pts_Si50)

else:

SIidx50=np.argwhere(np.diff(np.sign(data.PCT50ofStart -data.

↪→ MeanTransmissionPCT))).flatten () #do the same for the

↪→ 50% threshold

plt.plot(data.PressurekPa[SIidx50],data.MeanTransmissionPCT[

↪→ SIidx50],'ro',markersize='8',label='50% Threshold ')

outputcoords50=data[['PressurekPa ','MeanTransmissionPCT ']][

↪→ SIidx50 [0]+1: SIidx50 [0]+6]

slope ,intercept ,r_value ,p_value ,std_err=stats.linregress(

↪→ outputcoords50.PressurekPa ,outputcoords50.

↪→ MeanTransmissionPCT)

R2_50=np.square(r_value)

if R2_50 > 0.7:

SuspInd50.append(abs(slope))

r_val_Si50.append(R2_50)

no_pts_for_Si50.append('5')

elif R2_50 < 0.7:

outputcoords50x4=data[['PressurekPa ','MeanTransmissionPCT '

↪→ ]][ SIidx50 [0]+1: SIidx50 [0]+5]

slope_50x4 ,intercept_50x4 ,r_value_50x4 ,p_value_50x4 ,

↪→ std_err_50x4=stats.linregress(outputcoords50x4.

↪→ PressurekPa ,outputcoords50x4.MeanTransmissionPCT)

R2_50x4=np.square(r_value_50x4)
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if R2_50x4 > 0.7:

SuspInd50.append(abs(slope_50x4))

r_val_Si50.append(R2_50x4)

no_pts_for_Si50.append('4')

elif R2_50x4 < 0.7:

outputcoords50x3=data[['PressurekPa ','MeanTransmissionPCT

↪→ ']][ SIidx50 [0]+1: SIidx50 [0]+4]

slope_50x3 ,intercept_50x3 ,r_value_50x3 ,p_value_50x3 ,

↪→ std_err_50x3=stats.linregress(outputcoords50x3.

↪→ PressurekPa ,outputcoords50x3.MeanTransmissionPCT)

R2_50x3=np.square(r_value_50x3)

if R2_50x3 > 0.7:

SuspInd50.append(abs(slope_50x3))

r_val_Si50.append(R2_50x3)

no_pts_for_Si50.append('3')

else:

SuspInd50.append('NaN')

r_val_Si50.append('NaN')

no_pts_for_Si50.append('NaN')

print(SuspInd90)

all_csm_data=pd.DataFrame ()

all_csm_data['sample ']= variables

all_csm_data['PressurekPa_50 ']= PressurekPa_50

all_csm_data['PressurekPa_90 ']= PressurekPa_90

all_csm_data['TransmissionPCT_50 ']= TransmissionPCT_50

all_csm_data['TransmissionPCT_90 ']= TransmissionPCT_90

all_csm_data['SuspInd50 ']= SuspInd50

all_csm_data['SuspInd90 ']= SuspInd90

all_csm_data['r_val_Si50 ']= r_val_Si50

all_csm_data['no_pts_for_Si50 ']= no_pts_for_Si50

all_csm_data['r_val_Si90 ']= r_val_Si90

all_csm_data['no_pts_for_Si90 ']= no_pts_for_Si90

all_csm_data.to_csv(outputpath+'All_CSM_Data_R2_70PCT.csv')
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Fig. C.1 Boxplots for all bulk measurements of LOI measured for this thesis at Warton,
as well as the LOI measurements from the RESIST cores at Warton. These were then
overlain with the individual points. The horizontal lines on the box denote the quartiles of
the distribution, while the whiskers denote the range. Any points located outside of the box
and whisker area were treated as outliers.
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Code Example 2 : Python code used to extract the D10, D30, D50 and D60 values of all particle
size data.

import pandas as pd

import matplotlib.pyplot as plt

import numpy as np

from scipy import interpolate

path="C:/ Users /.../ PSA/Input_Data/"

graphpath="C:/Users /.../ PSA/Graphs/uniformitycoefficient_cz/test/"

outputpath="C:/Users /.../ PSA_data/Output_Files/"

data=pd.read_csv(path+"Warton_RESIST_cumulativePSA_forPython.csv",sep

↪→ ='\s*,\s*',engine='python ')

print(data.head())

#CREATE NEW VARIABLES FOR THE PERCENTILES

data['PCT10']=10

data['PCT30']=30

data['PCT50']=50

data['PCT60']=60

def interpolation(sizefractions ,PSAsample):

f=interpolate.interp1d(sizefractions ,PSAsample)

size_frac_umNew=np.linspace(sizefractions.min(),sizefractions

↪→ .max(),num =100000)

PSAsampleNew=f(size_frac_umNew)

return size_frac_umNew ,PSAsampleNew

print(size_frac_umNew ,PSAsampleNew)

def interp_d10(sizefractions ,PCT10):

f1=interpolate.interp1d(sizefractions ,data.PCT10)

size_frac_umNew10=np.linspace(sizefractions.min(),

↪→ sizefractions.max(),num =100000)

PCT10New=f1(size_frac_umNew10)

return size_frac_umNew10 ,PCT10New

print(size_frac_umNew10 ,PCT10New)

def interp_d30(sizefractions ,PCT30):
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f4=interpolate.interp1d(sizefractions ,data.PCT30)

size_frac_umNew30=np.linspace(sizefractions.min(),

↪→ sizefractions.max(),num =100000)

PCT30New=f4(size_frac_umNew30)

return size_frac_umNew30 ,PCT30New

print(size_frac_umNew30 ,PCT30New)

def interp_d50(sizefractions ,PCT50):

f2=interpolate.interp1d(sizefractions ,data.PCT50)

size_frac_umNew50=np.linspace(sizefractions.min(),

↪→ sizefractions.max(),num =100000)

PCT50New=f2(size_frac_umNew50)

return size_frac_umNew50 ,PCT50New

print(size_frac_umNew50 ,PCT50New)

def interp_d60(sizefractions ,PCT60):

f3=interpolate.interp1d(sizefractions ,data.PCT60)

size_frac_umNew60=np.linspace(sizefractions.min(),

↪→ sizefractions.max(),num =100000)

PCT60New=f3(size_frac_umNew60)

return size_frac_umNew60 ,PCT60New

print(size_frac_umNew60 ,PCT60New)

def calcidx(PCT10New ,PCT30New ,PCT50New ,PCT60New ,size_frac_umNew ,

↪→ PSAsampleNew ,size_frac_umNew10 ,size_frac_umNew30 ,

↪→ size_frac_umNew50 ,size_frac_umNew60):

idx10calc=np.argwhere(np.diff(np.sign(PCT10New -PSAsampleNew))

↪→ ).flatten ()

idx30calc=np.argwhere(np.diff(np.sign(PSAsampleNew -PCT30New))

↪→ ).flatten ()

idx50calc=np.argwhere(np.diff(np.sign(PSAsampleNew -PCT50New))

↪→ ).flatten ()

idx60calc=np.argwhere(np.diff(np.sign(PSAsampleNew -PCT60New))

↪→ ).flatten ()

idx10_sizefrac=size_frac_umNew10[idx10calc]

idx30_sizefrac=size_frac_umNew30[idx30calc]

idx50_sizefrac=size_frac_umNew50[idx50calc]

idx60_sizefrac=size_frac_umNew60[idx60calc]

idx10_PCT=PSAsampleNew[idx10calc]

idx30_PCT=PSAsampleNew[idx30calc]

idx50_PCT=PSAsampleNew[idx50calc]

idx60_PCT=PSAsampleNew[idx60calc]

return idx10_PCT ,idx30_PCT ,idx50_PCT ,idx60_PCT ,idx10_sizefrac

↪→ ,idx30_sizefrac ,idx50_sizefrac ,idx60_sizefrac

print(idx10_PCT ,idx30_PCT ,idx50_PCT ,idx60_PCT ,idx10_sizefrac ,

↪→ idx30_sizefrac ,idx50_sizefrac ,idx60_sizefrac)
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def grainsizeplots(size_frac_umNew ,PSAsampleNew ,sizefractions ,

↪→ PSAsample ,idx10_PCT ,idx30_PCT ,idx50_PCT ,idx60_PCT ,

↪→ idx10_sizefrac ,idx30_sizefrac ,idx50_sizefrac ,idx60_sizefrac):

fig=plt.figure ()

plt.plot(size_frac_umNew ,PSAsampleNew ,color='black ')

plt.plot(data.size_frac_um ,PSAsample ,label='Cumulative 

↪→ Particle Size Distribution ',color='black ',marker='+',

↪→ markeredgewidth='2',linewidth='2')

plt.plot(data.size_frac_um ,data.PCT10 ,label='10th Percentile '

↪→ ,color='darkred ',linestyle='-.',linewidth =2)

plt.plot(data.size_frac_um ,data.PCT50 ,label='50th Percentile '

↪→ ,color='darkred ',linestyle='--',linewidth =2)

plt.plot(data.size_frac_um ,data.PCT60 ,label='60th Percentile '

↪→ ,color='darkred ',linestyle='--',linewidth =2)

plt.plot(data.size_frac_um ,data.PCT30 ,label='30th Percentile '

↪→ ,color='darkred ',linestyle='--',linewidth =2)

plt.plot(idx10_sizefrac ,idx10_PCT ,'ro',markersize='8',label='

↪→ 10th Percentile ')

plt.plot(idx30_sizefrac ,idx30_PCT ,'ro',markersize='8',label='

↪→ 30th Percentile ')

plt.plot(idx50_sizefrac ,idx50_PCT ,'ro',markersize='8',label='

↪→ 50th Percentile ')

plt.plot(idx60_sizefrac ,idx60_PCT ,'ro', markersize='8',label=

↪→ '60th Percentile ')

plt.legend(loc='upper right')

plt.xlim (0 ,1500)

plt.ylim (0 ,100)

plt.xlabel('Size Fraction (um)',fontsize='14',ha='center ',va=

↪→ 'top',fontweight='bold')

plt.ylabel('Cumulative Particle Size (%)',fontsize='14',ha='

↪→ center ',va='center ',rotation='vertical ',fontweight='

↪→ bold')

plt.title('%s' %( columnnames[i]),fontweight='bold',fontsize='

↪→ 18',ha='center ',va='bottom ')

plt.tight_layout ()

plt.tight_layout(pad=2, w_pad=2, h_pad =2) #this "pad" command

↪→ seems to allow you to mess with the margin/make the

↪→ header fit on the page better if you play around with

↪→ it

return fig

#define inputs for the all 5 interpolation functions

sizefractions =[data.size_frac_um]

print(sizefractions)

PSAsample =[data.tf3_380mm ,data.tf3_370mm ,data.tf3_360mm ,data.

↪→ tf3_350mm ,data.tf3_340mm ,data.tf3_330mm ,data.tf3_320mm ,data.

↪→ tf3_310mm ,data.tf3_300mm ,data.tf3_290mm ,data.tf3_280mm ,data.

↪→ tf3_270mm ,data.tf3_260mm ,data.tf3_250mm ,data.tf3_240mm ,data.
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↪→ tf3_230mm ,data.tf3_220mm ,data.tf3_210mm ,data.tf3_200mm ,data.

↪→ tf3_190mm ,data.tf3_180mm ,data.tf3_170mm ,data.tf3_160mm ,data.

↪→ tf3_150mm ,data.tf3_140mm ,data.tf3_130mm ,data.tf3_120mm ,data.

↪→ tf3_110mm ,data.tf3_100mm ,data.tf3_90mm ,data.tf3_80mm ,data.

↪→ tf3_70mm ,data.tf3_60mm ,data.tf3_50mm ,data.tf3_40mm ,data.

↪→ tf3_30mm ,data.tf3_20mm ,data.tf3_10mm ,..., data.ws9_390mm ,data.

↪→ ws9_370mm ,data.ws9_360mm ,data.ws9_350mm ,data.ws9_340mm ,data.

↪→ ws9_330mm ,data.ws9_310mm ,data.ws9_300mm ,data.ws9_290mm ,data.

↪→ ws9_280mm ,data.ws9_270mm ,data.ws9_265mm ,data.ws9_260mm ,data.

↪→ ws9_250mm ,data.ws9_240mm ,data.ws9_230mm ,data.ws9_220mm ,data.

↪→ ws9_210mm ,data.ws9_200mm ,data.ws9_190mm ,data.ws9_180mm ,data.

↪→ ws9_170mm ,data.ws9_160mm ,data.ws9_150mm ,data.ws9_140mm ,data.

↪→ ws9_130mm ,data.ws9_120mm ,data.ws9_110mm ,data.ws9_100mm ,data.

↪→ ws9_90mm ,data.ws9_80mm ,data.ws9_70mm ,data.ws9_60mm ,data.

↪→ ws9_50mm ,data.ws9_40mm ,data.ws9_30mm ,data.ws9_10mm]

PCT10 =[data.PCT10]

PCT30 =[data.PCT30]

PCT50 =[data.PCT50]

PCT60 =[data.PCT60]

PSAsample_list=list(data)

print(PSAsample_list)

#RUN INTERPOLATION FUNCTIONS AND CALC IDX VALS

interpolation_list =[]

interp_d10_list =[]

interp_d30_list =[]

interp_d50_list =[]

interp_d60_list =[]

variables =[]

idxvals_list =[]

shapesizefractions=np.asarray(sizefractions).shape

print(shapesizefractions)

shapePSAsample=np.asarray(PSAsample).shape

print(shapePSAsample)

columnnames=data.columns

columnnames=columnnames.drop(["size_frac_um"])

for i in range(len(columnnames)):

col=data[columnnames[i]]

samplenames='%s' %( columnnames[i])

interpol=interpolation(sizefractions [0],col)

print(interpol)

interpolation_list.append(interpol)

interpol_10=interp_d10(sizefractions [0],col)

print(interpol_10)
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interp_d10_list.append(interpol_10)

interpol_30=interp_d30(sizefractions [0],col)

print(interpol_30)

interp_d30_list.append(interpol_30)

interpol_50=interp_d50(sizefractions [0],col)

print(interpol_50)

interp_d50_list.append(interpol_50)

interpol_60=interp_d60(sizefractions [0],col)

print(interpol_60)

interp_d60_list.append(interpol_60)

variables.append(samplenames)

idxvalues=calcidx(interpol_10 [1], interpol_30 [1], interpol_50

↪→ [1], interpol_60 [1], interpol [0], interpol [1], interpol_10

↪→ [0], interpol_30 [0], interpol_50 [0], interpol_60 [0])

idxvals_list.append(idxvalues)

print(idxvals_list)

fig=grainsizeplots(interpol [0], interpol [1], sizefractions [0],

↪→ col ,idxvalues [0], idxvalues [1], idxvalues [2], idxvalues

↪→ [3], idxvalues [4], idxvalues [5], idxvalues [6], idxvalues

↪→ [7])

fig.savefig(graphpath+ '%s.png' %( columnnames[i]),dpi =300)

d_grain_sizes=pd.DataFrame (( idxvals_list),columns =['idx10','idx30 ','

↪→ idx50 ','idx60 ','d10','d30','d50','d60'])

d_grain_sizes['d10']= d_grain_sizes['d10'].str [0]

d_grain_sizes['d30']= d_grain_sizes['d30'].str [0]

d_grain_sizes['d50']= d_grain_sizes['d50'].str [0]

d_grain_sizes['d60']= d_grain_sizes['d60'].str [0]

d_grain_sizes['idx10']= d_grain_sizes['idx10 '].str [0]

d_grain_sizes['idx30']= d_grain_sizes['idx30 '].str [0]

d_grain_sizes['idx50']= d_grain_sizes['idx50 '].str [0]

d_grain_sizes['idx60']= d_grain_sizes['idx60 '].str [0]

d_grain_sizes['Uc']= d_grain_sizes['d60']/ d_grain_sizes['d10']

d_grain_sizes['Cz']=( d_grain_sizes['d30']* d_grain_sizes['d30'])/(

↪→ d_grain_sizes['d60']* d_grain_sizes['d10'])

d_grain_sizes['sample ']= variables

d_grain_sizes_all=pd.concat ([ d_grain_sizes ])

d_grain_sizes_all.to_csv(outputpath+ 'd_grain_sizes_warton.csv')
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E.1 Additional methods

The subsections below outline those calculations required to ensure tests conformed to British
Standards. Equations and the methodology are shown below, but not included in the main
text of the thesis as these were not used to directly answer the aims and objectives.

E.1.1 Other calculations

This section is in addition to those calculations already detailed in section 4.4.6.

E.1.1.1 Porosity

Porosity (n; %) is the ratio of the volume of voids (filled with air or water) to the total soil
volume (equation 1):

n =
vv

v
=

e
1+ e

×100 (1)

where: vv = volume of voids (m3), v = volume of sample (m3), e = void ratio
Both the void ratio and porosity were used in combination with bulk and dry density values
to assess the degree of grain interlocking and packing (Bell, 1992), particularly to determine
how this varied with the particle size distribution.

E.1.1.2 Degree of saturation

The degree of saturation (Sr; %) denotes the water volume contained within void spaces,
given as a percentage of the total voids. It was calculated using equation 2:

Sr =
w ρs

e
% (2)
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where: w = moisture content (%), ρs = particle density (Mg/m3), e = void ratio

E.1.2 Shear box

The volume and mass of the specimen was calculated both before and after each test specimen
was run, and mass was also calculated after drying the specimen at 105◦C overnight after the
test. This allowed quantification of the initial and final moisture content (w0 and wf), initial
bulk density (ρ0), dry density (ρ0), void ratio (e0) and degree of saturation (Sr0) for each
specimen using the equations in section 4.4.6 and section E.1.1.

E.1.3 Oedometer

After siphoning off the water at the end of the test, the final specimen height (Hf; mm) was
recorded. The final mass of the sample (mf; g) was then measured while the sample remained
in the ring, and then the sample was dried at 105◦C overnight. This allowed the calculation
of final moisture content (wf), bulk- (ρ f) and dry density (ρDf), final void ratio (ef) and final
degree of saturation (Srf), using the final measurements in the equations in section 4.4.6 and
section E.1.1.
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Fig. F.1 Raw clay mineralogy traces for samples from the tidal flat at Tillingham after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. F.2 Raw clay mineralogy traces for samples from the marsh edge at Tillingham after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. F.3 Raw clay mineralogy traces for samples from the creek edge at Tillingham after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. F.4 Raw clay mineralogy traces for samples from the inner marsh at Tillingham after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. F.5 Raw clay mineralogy traces for samples from the tidal flat at Warton after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. F.6 Raw clay mineralogy traces for samples from the marsh edge at Warton after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. F.7 Raw clay mineralogy traces for samples from the creek edge at Warton after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).



414 F

Fig. F.8 Raw clay mineralogy traces for samples from the inner marsh at Warton after no
treatment (a), glycerolation b, heating at 400◦C (c) and heating at 550◦C (d).
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Fig. G.1 Force-strain curves for ring shear samples taken from the creek edge (10-20 cm
depth) at Warton under normal stresses of 14.4 kPa (a), 26.6 kPa (b) and 51.1 kPa (c). The
Mohr-Coulomb failure envelope for the test is shown in (d).
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Fig. G.2 Force-strain curves for ring shear samples taken from the inner marsh (10-20 cm
depth) at Warton under normal stresses of 14.4 kPa (a), 26.6 kPa (b) and 51.1 kPa (c). The
Mohr-Coulomb failure envelope for the test is shown in (d).
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Fig. G.3 Force-strain curves for ring shear samples taken from the back of the marsh (bulk
surface sample) at Warton under normal stresses of 14.4 kPa (a), 26.6 kPa (b) and 51.1 kPa
(c). The Mohr-Coulomb failure envelope for the test is shown in (d).
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Tillingham:

(a) Tidal Flat Ridge, 0 cm: 1st Rep (b) Tidal Flat Ridge, 0 cm: 2nd Rep

(c) Tidal Flat Ridge, 0 cm: 3rd Rep

Fig. H.1 Transmission change with increasing pressure, Tidal Flat Ridge, Tillingham.
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(a) Tidal Flat Ridge, 5 cm: 1st Rep (b) Tidal Flat Ridge, 5 cm: 2nd Rep

(c) Tidal Flat Ridge, 5 cm: 3rd Rep

Fig. H.2 Transmission change with increasing pressure, side of Tidal Flat Ridge, Tillingham.

(a) Marsh Edge, 0 cm: 1st Rep (b) Marsh Edge, 0 cm: 2nd Rep

(c) Marsh Edge, 0 cm: 3rd Rep

Fig. H.3 Transmission change with increasing pressure, 0 cm depth, Marsh Edge, Tillingham.
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(a) Marsh Edge, 10 cm: 1st Rep (b) Marsh Edge, 10 cm: 2nd Rep

(c) Marsh Edge, 10 cm: 3rd Rep

Fig. H.4 Transmission change with increasing pressure, 10cm depth, Marsh Edge, Tillingham.

(a) Marsh Edge, 20 cm: 1st Rep (b) Marsh Edge, 20 cm: 2nd Rep

(c) Marsh Edge, 20 cm: 3rd Rep

Fig. H.5 Transmission change with increasing pressure, 20cm depth, Marsh Edge, Tillingham.
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(a) Marsh Edge, 30 cm: 1st Rep (b) Marsh Edge, 30 cm: 2nd Rep

(c) Marsh Edge, 30 cm: 3rd Rep

Fig. H.6 Transmission change with increasing pressure, 30cm depth, Marsh Edge, Tillingham.

(a) Creek Edge, 0 cm: 1st Rep (b) Creek Edge, 0 cm: 2nd Rep

(c) Creek Edge, 0 cm: 3rd Rep

Fig. H.7 Transmission change with increasing pressure, 0 cm depth, Creek Edge, Tillingham.
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(a) Creek Edge, 10 cm: 1st Rep (b) Creek Edge, 10 cm: 2nd Rep

(c) Creek Edge, 10 cm: 3rd Rep

Fig. H.8 Transmission change with increasing pressure, 10 cm depth, Creek Edge, Tillingham.

(a) Creek Edge, 20 cm: 1st Rep (b) Creek Edge, 20 cm: 2nd Rep

(c) Creek Edge, 20 cm: 3rd Rep

Fig. H.9 Transmission change with increasing pressure, 20 cm depth, Creek Edge, Tillingham.
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(a) Inner Marsh, 0 cm: 1st Rep (b) Inner Marsh, 0 cm: 2nd Rep

(c) Inner Marsh, 0 cm: 3rd Rep

Fig. H.10 Transmission change with increased pressure, 0cm depth, Inner Marsh, Tillingham.

(a) Inner Marsh, 10 cm: 1st Rep (b) Inner Marsh, 10 cm: 2nd Rep

(c) Inner Marsh, 10 cm: 3rd Rep

Fig. H.11 Transmission change with increased pressure-10cm depth, Inner Marsh, Tillingham.
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(a) Inner Marsh, 20 cm: 1st Rep (b) Inner Marsh, 20 cm: 2nd Rep

(c) Inner Marsh, 20 cm: 3rd Rep

Fig. H.12 Transmission change with increased pressure-20cm depth, Inner Marsh, Tillingham.

(a) Tidal Flat, 0 cm: 1st Rep (b) Tidal Flat, 0 cm: 2nd Rep

(c) Tidal Flat, 0 cm: 3rd Rep

Fig. H.13 Transmission change with increasing pressure at 0 cm depth, Tidal Flat, Warton.
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(a) Marsh Edge, 0 cm: 1st Rep (b) Marsh Edge, 0 cm: 2nd Rep

(c) Marsh Edge, 0 cm: 3rd Rep

Fig. H.14 Transmission change with increasing pressure at 0 cm depth, Marsh Edge, Warton.

(a) Marsh Edge, 10 cm: 1st Rep (b) Marsh Edge, 10 cm: 2nd Rep

(c) Marsh Edge, 10 cm: 3rd Rep (d) Marsh Edge, 10 cm: 4th Rep

Fig. H.15 Transmission change with increasing pressure at 10 cm depth, Marsh Edge, Warton.
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(a) Marsh Edge, 20 cm: 1st Rep (b) Marsh Edge, 20 cm: 2nd Rep

(c) Marsh Edge, 20 cm: 3rd Rep

Fig. H.16 Transmission change with increasing pressure at 20 cm depth, Marsh Edge, Warton.

(a) Marsh Edge, 30 cm: 1st Rep (b) Marsh Edge, 30 cm: 2nd Rep

(c) Marsh Edge, 30 cm: 3rd Rep

Fig. H.17 Transmission change with increasing pressure at 30 cm depth, Marsh Edge, Warton.
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(a) Marsh Edge, 40 cm: 1st Rep (b) Marsh Edge, 40 cm: 2nd Rep

(c) Marsh Edge, 40 cm: 3rd Rep

Fig. H.18 Transmission change with increasing pressure at 40 cm depth, Marsh Edge, Warton.

(a) Marsh Edge, 50 cm: 1st Rep (b) Marsh Edge, 50 cm: 2nd Rep

(c) Marsh Edge, 50 cm: 3rd Rep

Fig. H.19 Transmission change with increasing pressure at 50 cm depth, Marsh Edge, Warton.
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(a) Creek Edge, 0 cm: 1st Rep (b) Creek Edge, 0 cm: 2nd Rep

(c) Creek Edge, 0 cm: 3rd Rep

Fig. H.20 Transmission change with increasing pressure at 0 cm depth, Creek Edge, Warton.

(a) Creek Edge, 10 cm: 1st Rep (b) Creek Edge, 10 cm: 2nd Rep

(c) Creek Edge, 10 cm: 3rd Rep

Fig. H.21 Transmission change with increasing pressure at 10 cm depth, Creek Edge, Warton.
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(a) Creek Edge, 20 cm: 1st Rep (b) Creek Edge, 20 cm: 2nd Rep

(c) Creek Edge, 20 cm: 3rd Rep

Fig. H.22 Transmission change with increasing pressure at 20 cm depth, Creek Edge, Warton.

(a) Creek Edge, 30 cm: 1st Rep (b) Creek Edge, 30 cm: 2nd Rep

(c) Creek Edge, 30 cm: 3rd Rep

Fig. H.23 Transmission change with increasing pressure at 30 cm depth, Creek Edge, Warton.
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(a) Inner Marsh, 0 cm: 1st Rep (b) Inner Marsh, 0 cm: 2nd Rep

(c) Inner Marsh, 0 cm: 3rd Rep

Fig. H.24 Transmission change with increasing pressure at 0 cm depth, Inner Marsh, Warton.

(a) Inner Marsh, 10 cm: 1st Rep (b) Inner Marsh, 10 cm: 2nd Rep

(c) Inner Marsh, 10 cm: 3rd Rep

Fig. H.25 Transmission change with increasing pressure at 10 cm depth, Inner Marsh, Warton.
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(a) Inner Marsh, 20 cm: 1st Rep (b) Inner Marsh, 20 cm: 2nd Rep

(c) Inner Marsh, 20 cm: 3rd Rep

Fig. H.26 Transmission change with increasing pressure at 20 cm depth, Inner Marsh, Warton.

(a) Inner Marsh, 30 cm: 1st Rep (b) Inner Marsh, 30 cm: 2nd Rep

(c) Inner Marsh, 30 cm: 3rd Rep

Fig. H.27 Transmission change with increasing pressure at 30 cm depth, Inner Marsh, Warton.
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Tillingham Marsh Edge 0 a 50 0.64 0.97 5 0.64 0.97 5
Tillingham Marsh Edge 0 b 50 0.87 0.97 5 0.87 0.97 5
Tillingham Marsh Edge 0 c 50 1.10 0.82 5 1.10 0.82 5
Tillingham Marsh Edge 10 a 50 1.59 0.98 5 1.59 0.98 5
Tillingham Marsh Edge 10 b 50 0.51 0.97 5 0.51 0.97 5
Tillingham Marsh Edge 10 c 50 2.67 0.99 4 2.67 0.99 4
Tillingham Marsh Edge 20 a 50 2.00 0.97 5 2.00 0.97 5
Tillingham Marsh Edge 20 b 50 NaN NaN NaN 0.95 0.79 3
Tillingham Marsh Edge 20 c 50 NaN NaN NaN NaN NaN NaN
Tillingham Marsh Edge 30 a 50 0.58 0.81 3 0.58 0.81 3
Tillingham Marsh Edge 30 b 50 0.98 0.96 5 0.98 0.96 5
Tillingham Marsh Edge 30 c 50 NaN NaN NaN NaN NaN NaN

Tillingham Creek 0 a 50 NaN NaN NaN 1.79 0.74 5
Tillingham Creek 0 b 50 0.67 0.99 5 0.67 0.99 5
Tillingham Creek 0 c 50 0.48 0.98 5 0.48 0.98 5
Tillingham Creek 10 a 50 0.49 0.97 5 0.49 0.97 5
Tillingham Creek 10 b 50 0.35 0.85 5 0.35 0.85 5
Tillingham Creek 10 c 50 1.67 0.90 5 1.67 0.90 5
Tillingham Creek 20 a 50 0.83 0.93 5 0.83 0.93 5

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Tillingham Creek 20 b 50 NaN NaN NaN 10.23 0.79 5
Tillingham Creek 20 c 50 4.53 0.98 5 4.53 0.98 5

Tillingham Inner 0 a 50 2.35 0.98 5 2.35 0.98 5
Tillingham Inner 0 b 50 0.25 0.94 5 0.25 0.94 5
Tillingham Inner 0 c 50 NaN NaN NaN NaN NaN NaN
Tillingham Inner 10 a 50 0.51 0.99 5 0.51 0.99 5
Tillingham Inner 10 b 50 0.47 0.95 5 0.47 0.95 5
Tillingham Inner 10 c 50 0.37 0.93 5 0.37 0.93 5
Tillingham Inner 20 a 50 2.02 0.97 5 2.02 0.97 5
Tillingham Inner 20 b 50 0.64 0.99 5 0.64 0.99 5
Tillingham Inner 20 c 50 0.23 0.98 5 0.23 0.98 5

Tillingham Tidal Flat 0 a 50 NaN NaN NaN NaN NaN NaN
Tillingham Tidal Flat 0 b 50 0.68 0.90 5 0.68 0.90 5
Tillingham Tidal Flat 0 c 50 0.69 0.81 5 0.69 0.81 5
Tillingham Tidal Flat 5 a 50 NaN NaN NaN 1.04 0.77 3
Tillingham Tidal Flat 5 b 50 0.71 0.89 5 0.71 0.89 5
Tillingham Tidal Flat 5 c 50 0.46 0.82 5 0.46 0.82 5

Warton Marsh Edge 0 a 50 4.26 0.90 3 4.26 0.90 3
Warton Marsh Edge 0 b 50 2.02 0.98 5 2.02 0.98 5

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Warton Marsh Edge 0 c 50 1.49 0.98 3 1.49 0.98 3
Warton Marsh Edge 10 a 50 5.51 0.81 5 5.51 0.81 5
Warton Marsh Edge 10 b 50 NaN NaN NaN 3.18 0.73 5
Warton Marsh Edge 10 c 50 5.35 0.86 3 5.35 0.86 3
Warton Marsh Edge 10 d 50 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 20 a 50 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 20 b 50 NaN NaN NaN 0.46 0.74 5
Warton Marsh Edge 20 c 50 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 30 a 50 1.65 0.91 5 1.65 0.91 5
Warton Marsh Edge 30 b 50 1.64 0.96 5 1.64 0.96 5
Warton Marsh Edge 30 c 50 1.15 1.00 5 1.15 1.00 5
Warton Marsh Edge 40 a 50 1.35 0.97 5 1.35 0.97 5
Warton Marsh Edge 40 b 50 1.43 0.99 5 1.43 0.99 5
Warton Marsh Edge 40 c 50 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 50 a 50 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 50 b 50 2.50 0.99 5 2.50 0.99 5
Warton Marsh Edge 50 c 50 7.22 0.95 5 7.22 0.95 5

Warton Creek 0 a 50 0.63 0.97 5 0.63 0.97 5
Warton Creek 0 b 50 3.70 0.99 5 3.70 0.99 5

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Warton Creek 0 c 50 2.38 1.00 5 2.38 1.00 5
Warton Creek 10 a 50 3.49 0.97 5 3.49 0.97 5
Warton Creek 10 b 50 2.99 0.97 5 2.99 0.97 5
Warton Creek 10 c 50 4.75 0.89 5 4.75 0.89 5
Warton Creek 20 a 50 2.42 0.94 5 2.42 0.94 5
Warton Creek 20 b 50 4.10 0.99 5 4.10 0.99 5
Warton Creek 20 c 50 2.02 0.99 5 2.02 0.99 5
Warton Creek 30 a 50 1.63 0.87 5 1.63 0.87 5
Warton Creek 30 b 50 2.87 0.98 5 2.87 0.98 5
Warton Creek 30 c 50 3.41 0.93 5 3.41 0.93 5

Warton Inner 0 a 50 2.24 0.98 5 2.24 0.98 5
Warton Inner 0 b 50 1.89 1.00 5 1.89 1.00 5
Warton Inner 0 c 50 2.61 0.99 5 2.61 0.99 5
Warton Inner 10 a 50 2.47 0.97 5 2.47 0.97 5
Warton Inner 10 b 50 3.10 1.00 5 3.10 1.00 5
Warton Inner 10 c 50 3.36 0.96 5 3.36 0.96 5
Warton Inner 20 a 50 NaN NaN NaN NaN NaN NaN
Warton Inner 20 b 50 NaN NaN NaN 7.99 0.80 3
Warton Inner 20 c 50 7.38 1.00 5 7.38 1.00 5

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Warton Inner 30 a 50 2.89 0.99 5 2.89 0.99 5
Warton Inner 30 b 50 3.02 0.97 5 3.02 0.97 5
Warton Inner 30 c 50 2.15 0.97 5 2.15 0.97 5

Warton Tidal Flat 0 a 50 3.95 0.85 5 3.95 0.85 5
Warton Tidal Flat 0 b 50 18.18 0.99 4 11.47 0.74 5
Warton Tidal Flat 0 c 50 7.09 0.96 3 7.09 0.96 3

Tillingham Marsh Edge 0 a 90 NaN NaN NaN NaN NaN NaN
Tillingham Marsh Edge 0 b 90 3.91 0.92 5 3.91 0.92 5
Tillingham Marsh Edge 0 c 90 1.14 0.93 3 1.14 0.93 3
Tillingham Marsh Edge 10 a 90 2.77 0.96 3 1.63 0.73 4
Tillingham Marsh Edge 10 b 90 NaN NaN NaN NaN NaN NaN
Tillingham Marsh Edge 10 c 90 4.75 0.91 4 3.35 0.78 5
Tillingham Marsh Edge 20 a 90 NaN NaN NaN NaN NaN NaN
Tillingham Marsh Edge 20 b 90 NaN NaN NaN 0.95 0.79 3
Tillingham Marsh Edge 20 c 90 31.71 0.82 3 31.71 0.82 3
Tillingham Marsh Edge 30 a 90 NaN NaN NaN 9.12 0.76 5
Tillingham Marsh Edge 30 b 90 NaN NaN NaN 20.21 0.76 3
Tillingham Marsh Edge 30 c 90 NaN NaN NaN 25.73 0.72 3

Tillingham Creek 0 a 90 NaN NaN NaN NaN NaN NaN
Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Tillingham Creek 0 b 90 0.71 0.93 5 0.71 0.93 5
Tillingham Creek 0 c 90 1.99 0.91 5 1.99 0.91 5
Tillingham Creek 10 a 90 0.50 0.97 5 0.50 0.97 5
Tillingham Creek 10 b 90 NaN NaN NaN NaN NaN NaN
Tillingham Creek 10 c 90 0.96 0.86 5 0.96 0.86 5
Tillingham Creek 20 a 90 0.24 0.89 4 0.24 0.89 4
Tillingham Creek 20 b 90 NaN NaN NaN 13.13 0.79 5
Tillingham Creek 20 c 90 13.71 0.83 5 13.71 0.83 5

Tillingham Inner 0 a 90 NaN NaN NaN NaN NaN NaN
Tillingham Inner 0 b 90 NaN NaN NaN 0.21 0.77 5
Tillingham Inner 0 c 90 6.32 0.95 3 2.74 0.75 5
Tillingham Inner 10 a 90 1.63 0.90 5 1.63 0.90 5
Tillingham Inner 10 b 90 0.93 0.94 5 0.93 0.94 5
Tillingham Inner 10 c 90 NaN NaN NaN 0.80 0.78 5
Tillingham Inner 20 a 90 3.82 0.98 3 3.82 0.98 3
Tillingham Inner 20 b 90 2.20 0.99 5 2.20 0.99 5
Tillingham Inner 20 c 90 0.36 1.00 5 0.36 1.00 5

Tillingham Tidal Flat 0 a 90 NaN NaN NaN NaN NaN NaN
Tillingham Tidal Flat 0 b 90 0.93 0.89 5 0.93 0.89 5

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Tillingham Tidal Flat 0 c 90 1.18 0.98 5 1.18 0.98 5
Tillingham Tidal Flat 5 a 90 1.86 0.95 5 1.86 0.95 5
Tillingham Tidal Flat 5 b 90 1.83 0.99 5 1.83 0.99 5
Tillingham Tidal Flat 5 c 90 1.33 0.95 5 1.33 0.95 5

Warton Marsh Edge 0 a 90 NaN NaN NaN 4.28 0.70 5
Warton Marsh Edge 0 b 90 1.50 0.89 3 1.50 0.89 3
Warton Marsh Edge 0 c 90 6.73 0.92 5 6.73 0.92 5
Warton Marsh Edge 10 a 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 10 b 90 12.51 0.91 3 12.51 0.91 3
Warton Marsh Edge 10 c 90 5.35 0.86 3 5.35 0.86 3
Warton Marsh Edge 10 d 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 20 a 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 20 b 90 1.64 0.87 5 1.64 0.87 5
Warton Marsh Edge 20 c 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 30 a 90 7.95 0.93 3 7.95 0.93 3
Warton Marsh Edge 30 b 90 7.64 0.94 3 4.81 0.77 4
Warton Marsh Edge 30 c 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 40 a 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 40 b 90 NaN NaN NaN NaN NaN NaN

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Warton Marsh Edge 40 c 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 50 a 90 25.99 0.81 3 25.99 0.81 3
Warton Marsh Edge 50 b 90 NaN NaN NaN NaN NaN NaN
Warton Marsh Edge 50 c 90 NaN NaN NaN NaN NaN NaN

Warton Creek 0 a 90 1.57 0.97 5 1.57 0.97 5
Warton Creek 0 b 90 4.91 0.97 3 4.91 0.97 3
Warton Creek 0 c 90 2.01 0.90 4 5.73 0.70 5
Warton Creek 10 a 90 3.21 0.99 5 3.21 0.99 5
Warton Creek 10 b 90 2.95 0.85 5 2.95 0.85 5
Warton Creek 10 c 90 4.39 0.86 5 4.39 0.86 5
Warton Creek 20 a 90 2.64 0.95 5 2.64 0.95 5
Warton Creek 20 b 90 3.43 0.98 5 3.43 0.98 5
Warton Creek 20 c 90 4.72 1.00 5 4.72 1.00 5
Warton Creek 30 a 90 NaN NaN NaN 2.51 0.75 5
Warton Creek 30 b 90 3.92 0.86 5 3.92 0.86 5
Warton Creek 30 c 90 NaN NaN NaN 2.63 0.76 3

Warton Inner 0 a 90 4.33 0.90 5 4.33 0.90 5
Warton Inner 0 b 90 NaN NaN NaN NaN NaN NaN
Warton Inner 0 c 90 NaN NaN NaN 1.85 0.76 5

Continued on next page...
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Table I.1 Characteristics of the Suspension Index (Si) calculation for the erosion threshold when the pressure fell to both 50% and 90%
of the initial transmission value. The Si value, as well as the number of points used to calculate the Si, and the R2 value of the best fit
line through those points was also given. The code for calculation the Si (see Appendix A) was run twice, with a minimum R2 value of
0.8, then also 0.7.

Requirement of R2 = 0.8 Requirement of R2 = 0.7

Location Site Depth
(cm)

Repetition Threshold
(%)

Si R2 value No. points to
calculate Si

Si R2 value No. points to
calculate Si

Warton Inner 10 a 90 4.09 0.94 5 4.09 0.94 5
Warton Inner 10 b 90 3.84 0.88 5 3.84 0.88 5
Warton Inner 10 c 90 3.29 0.91 5 3.29 0.91 5
Warton Inner 20 a 90 18.70 1.00 3 18.70 1.00 3
Warton Inner 20 b 90 NaN NaN NaN 8.72 0.71 3
Warton Inner 20 c 90 4.14 0.83 5 4.14 0.83 5
Warton Inner 30 a 90 2.59 0.87 5 2.59 0.87 5
Warton Inner 30 b 90 2.51 0.96 5 2.51 0.96 5
Warton Inner 30 c 90 4.88 0.98 5 4.88 0.98 5

Warton Tidal Flat 0 a 90 7.78 0.85 5 7.78 0.85 5
Warton Tidal Flat 0 b 90 NaN NaN NaN NaN NaN NaN
Warton Tidal Flat 0 c 90 7.09 0.96 3 7.09 0.96 3
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