
 

 

 

The temporal and spatial variations in the 

erosion thresholds of intertidal cohesive 

sediment, with a focus on clay 

mineralogy 

 

 

Paul Kilkie 

 

 

A thesis submitted in partial fulfilment of the 

requirements of the University of Brighton for 

the degree of Doctor of Philosophy 

 

 

April 2017 



I 

 

 

Abstract 

Temporal and spatial variations in intertidal sediment stability are fundamentally 

governed by the intricate physicochemical properties of cohesive sediment. To 

further our knowledge of the geomorphological development of these systems and 

their response to a changing climate, a greater understanding of this relationship 

between sediment properties and temporal and spatial variations in stability is 

required. 

Clay mineralogy is a key sediment property that has received little attention within 

estuarine erosion studies. The differing characteristic properties of the clay mineral 

groups are known to be a significant factor in erosion resistance in terrestrial 

sediment studies. Despite this knowledge there has been little consideration in 

assessing the significance of this within intertidal settings.  

Temporal and spatial variations in the surface sediment strength were measured 

using a Cohesive Strength Meter (CSM) alongside bulk sediment property analysis 

at 14 sites within four UK estuaries. The influence of clay mineralogy was 

assessed through a series of CSM laboratory experiments using reconstructed 

sediments with varying ratios of kaolinite and smectite clays.  

Multiple regression identified wet bulk density and organic matter (R2 0.76) and 

particle size, mud content, dry bulk density and porosity (R2 0.84) as the key 

controls on stability variations within two field study sites. Bed elevation change 

was identified as a further driver of variations in stability, with strong negative 

Spearman’s correlations of -0.727 and -0.645 at one study site and a positive 

correlation of 0.80 observed at a further site.  

The laboratory study results identify clear differences in erosion thresholds based 

on clay mineralogy under marine shearing fluids. The greatest erosion thresholds 

were observed in sediments containing the highest concentrations of smectite. 

Erosion thresholds reduced in a linear trend (R2 0.97) with decreasing smectite to 

kaolinite ratio. The use of fresh water as the shearing fluid resulted in a 

considerable decline in the erosion thresholds of the smectite rich sediments, 

highlighting the susceptibility of this clay mineral to change in water chemistry. 

The results of this study contribute essential information on the influence of 

sediment properties on sediment stability, bridging a crucial gap in the knowledge 

of cohesive sediment stability within intertidal locations. Furthermore the 

identification of a relationship between clay mineralogy and sediment stability may 

lead to improved identification of estuaries that are more likely to be susceptible to 

erosion under a changing climate. 
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1 Chapter 1 Introduction  

1.1 Research background 

Estuaries are prominent features along the coasts of the world, with over 20 of the 

largest cities located adjacent to these systems (Defra, 2006; NOAA.gov, 2013). In 

the United Kingdom alone there are 125 estuarine locations covering over 3083 

km2 of British coastline, making up over 1/3 of those found in North West Europe 

(Davidson and Buck, 1997; Defra, 2006) 

These important coastal systems, characterised by intertidal mudflat and 

saltmarsh environments, hold significant economic and ecological value. They 

provide a vast array of ecosystem services such as; food, raw material, coastal 

defence, contaminant removal and carbon sequestration (King and Lester, 1995; 

Haslett, 2000; Spencer, 2002; Hughes and Paramour 2004; Barbier et al., 2011; 

Mossman et al., 2012). These systems are currently facing a wide range of 

pressures due to anthropogenic forcing and rapid environmental change 

(Vasconcelos et al., 2007; Wigand et al., 2015). Their ability to evolve under such 

conditions still remains unclear, with predictions of potential loss of valuable 

ecosystem services and degradation of these environments (Scavia et al., 2002; 

Altieri and Gedan, 2015; Robins et al., 2016).   

The intricacies of cohesive sediment dynamics in these environments mean that 

the forces governing intertidal mudflat and saltmarsh sediment stability and 

consequently erosion, are not entirely understood. Variations in sediment stability, 

generally measured as erosion thresholds,  are often observed in erosion studies 

(Paterson et al., 2000; Widdows, 2000; De Decker et al., 2001; Watts et al., 2003; 

Tolhurst et al., 2006b) and are not only an important factor in understanding the 

geomorphological development of a location, but its response to a changing 

environment. Variations in sediment stability can be split into clear categories, 

each of relative importance, and throughout the thesis are defined as:  

 Temporal variations: Changes in erosion thresholds within a single 

location over a period of time, indicating that some degree of change in the 

controls governing sediment stability has occurred. 
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 Spatial variations: Differences in erosion thresholds between sites and 

locations, identifying areas that may be more susceptible to erosion. 

 Small scale variations: Changes in erosion thresholds over centimetre 

scales within a single location during the same time period.   

There are significant gaps in our understanding of the mechanisms governing 

temporal and spatial variations in sediment stability. This is largely due to the 

complex interactions of the physical, biological and chemical sub components of 

the sediment and the surrounding processes influencing erosion (Black et al., 

2002; Tolhurst et al., 2006b). Investigations into the driving mechanisms behind 

spatial and temporal variations in sediment stability have established some 

connections with physical sediment properties. These are however generally 

conducted under laboratory conditions and rarely translate into the natural 

environment (Tolhurst et al., 2006b). Furthermore they offer little explanation for 

the small centimetre scale spatial variations in erosion thresholds that are 

observed. Biological influences have also been identified in previous studies, 

although these have either targeted areas of visible activity or have also observed 

variations where such activity is limited (Underwood and Paterson, 1993; 

Anderson, 2011; Tolhurst et al., 2006b), highlighting that these cannot always be 

attributed to biological factors.  

The influence of geochemical characteristics of sediment properties on stability in 

estuarine environments is a further area that has received limited attention in past 

studies (Grabowski, 2011). Clay mineralogy is a fundamental geochemical 

property of cohesive sediments and is known to vary between estuaries, 

dependent on sediment provenance and the geology of the catchment (Edzwald 

and O'Melia, 1974; Al-Mussawy and Basi, 1993; Algan et al., 1994; Allen, 2000, 

Brockamp and Zuther, 2004; Souza-Júnior et al., 2008; Ferreira et al., 2010). The 

structures and characteristic properties of clay minerals vary between the main 

groups and these fundamental differences are recognised to be of key importance 

in terrestrial soil stability studies (Reichert and Norton, 1994; Wakindi and Ben-

Hur, 2002; Lado and Ben-Hur, 2004; Yimalz et al., 2005). Any relationship 

between clay mineralogy and sediment stability has yet to be determined within 

estuaries. Sediments are subject to a wide range of geochemical processes within 
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these environments which will likely affect the cohesive characteristics of the clay 

fraction, to what extent, however, may be dependent on the clay mineral groups 

present. 

Studies into temporal and spatial variations in sediment stability within estuaries 

are limited, with the mechanisms governing these other than biological influences 

relatively unclear. Furthermore the influence of clay mineralogy on temporal and 

spatial variations in sediment stability and consequently erosion thresholds 

between estuarine locations remains unknown. Determination of the importance of 

clay mineralogy and further investigation of temporal and spatial variations will add 

significantly to our understanding of variations in sediment stability and the 

response of these systems to a changing climate.  

1.2 Research Aims 

The overall research aim of the thesis is to: 

Assess the temporal and spatial variations in erosion thresholds of intertidal 

cohesive sediment and their relationship with clay mineralogy, physical sediment 

properties and bed elevation change.  

The following research questions and objectives (Table 1.1) have been developed 

in order to address the overall aim. 
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Table 1.1 Research questions 
Research questions  

 

Objectives 

RQ 1 What is the influence of variations in 

physical sediment properties on 

temporal and spatial differences in 

erosion thresholds?  

(Chapters 4 and 5) 

OBJ 1 To establish if observed temporal and 

spatial variations in physical sediment 

properties affect erosion thresholds 

through field and laboratory 

investigations.  

RQ 2 Is there a relationship between 

patterns in erosion and accretion and 

temporal and spatial variations in 

erosion thresholds? 

(Chapters 4 and 5) 

 

OBJ 2 To determine if observed changes in 

sediment bed elevation display any 

correlation with changes in erosion 

thresholds through field and laboratory 

investigations. 

RQ 3 How do variations in clay mineralogy 

effects intertidal cohesive sediment 

erosion thresholds? 

(Chapter 6) 

 

 

 

 

 

OBJ 3 

 

 

 

 

OBJ 4 

To investigate the difference in 

surface erosion thresholds between 

sediments containing variations in 

smectite and kaolinite clays through 

laboratory investigations  

To establish the effects of changes in 

water chemistry on the surface 

erosion thresholds of sediments 

containing variations in smectite and 

kaolinite through laboratory 

investigations.  

 

1.3 Original contribution to knowledge 

The determination of the influence of the two key clay mineral groups on the 

erosion thresholds of intertidal cohesive sediments and their response to changes 

in water chemistry will provide the original contribution to knowledge. This is 

further supported by the role of variations in physical sediment properties and bed 

elevation changes on spatial and temporal differences in resistance to erosion. 
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1.4 Thesis structure 

The thesis structure is divided into eight separate chapters.  

Chapter 1 Provides an introduction to the research background and sets the 

overall aim, research questions and objectives of the study. The original 

contribution to knowledge is identified and the structure of the thesis outlined.  

Chapter 2 Presents a review of the literature covering; key aspects of the erosion, 

transportation, deposition and consolidation cycle, sediment properties and 

processes and clay mineralogy.  

Chapter 3 Provides an overview of the methods employed during field studies in 

order to ascertain changes in sediment erosion thresholds, sediment properties 

and bed elevation. Laboratory methods for identification and quantification of 

sediment properties and the experimental design of the laboratory study of 

Chapter 6 are also outlined. 

Chapter 4 Presents the results and discussion of the field study of three separate 

estuarine locations with contrasting clay mineralogy to establish the extent of 

variation in erosion thresholds between each. Observations of physical sediment 

properties, bed elevation data and erosion thresholds obtained over an annual 

return period are discussed. The recommendations from this chapter inform the 

studies conducted in Chapters 5 and 6 

Chapter 5 Presents the results and discussion of the field study of Chichester 

Harbour over a 16 month period. The chapter records the longer term regular 

observations of variations in erosion thresholds, sediment properties and bed 

elevation change within the study site and discusses the observed relationships. 

Chapter 6  The chapter provides a further review of the mechanical behaviour and 

composition of the clays, followed by the results and interpretation of the 

laboratory study into the influence of clay mineralogy on the erosion thresholds of 

intertidal cohesive surface sediments. 
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Chapter 7 Presents a synthesis of the overall field and laboratory studies 

providing an overall wider discussion of the key findings. The implications of the 

results of Chapter 6 in the natural environment are also presented alongside 

further research recommendations 

Chapter 8 Provides a summary of the key conclusions of the study by answering 

the research questions of Chapter 1.  

 

 



 

7 

 

2 Chapter 2 Literature review  

This chapter reviews past literature on the sediment dynamics within estuaries. A 

general overview of the ecological and economical value of these systems is first 

discussed. The following sections consider sediment provenance and the 

characteristic properties of estuarine cohesive sediments. The final sections 

review each of the components of the erosion, transportation, consolidation and 

deposition cycle before discussing temporal and spatial variations in sediment 

stability and the possible role of clay mineralogy.  

2.1 Estuaries: An overview  

The formation of modern estuaries began in the final stages of the Pleistocene ice 

age and the subsequent rise in sea level during the Flandarian transgression ~ 

12,000 years BP (Dyer, 1997). The rapid rise in sea level resulted in the drowning 

of terrestrial river incised valleys leading to the formation of coastal systems that 

are today identified as estuaries (Dyer, 1997; Lesueur et al., 2003). The definition 

of an estuary as proposed by the Natural Environment Research Council (NERC) 

identify these coastal areas as "partially enclosed areas at least partly composed 

of soft tidal shores, open to saline water from the sea, and receiving fresh water 

from rivers, land run-off or seepage" (Davidson and Buck, 1997) This definition is 

one of many proposed and provides a general framework to begin attempting 

classification of such systems (Dyer, 1997). It is however argued that due to 

varying characteristics between sites that such definitions are not always suitable 

and a different approach is required (Elliot and Mclusky, 2001).  Attempts to define 

these systems based on common features have led to the development of various 

classifications based on features such as tidal regime, mixing and geomorphology 

(Figure 2.1) (Davidson and Buck, 1997; Allen, 2000). 
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Figure 2.1 Example of a geomorphological classification of estuarine systems (Allen, 2000) 

Estuaries are tidally dominated systems and typically experience two periods of 

high and low water each day, referred to as semi-diurnal tides. The tidal systems 

within estuaries govern the intertidal zone, which can be defined as areas that are 

above water at low tide and under water at the highest tides. The lower areas of 

these intertidal zones are more frequently submerged, only exposed at low tides, 

and are generally characterised by mudflats (Davidson and Buck, 1997; Haslett, 

2000). The upper intertidal areas are exposed to sub aerial processes for the 

majority of the tidal cycle, which can  allow the colonisation of distinct zones of 

halophytic vegetation creating saltmarshes  (Figure 2.2) (Haslett, 2000).  

 

 

Figure 2.2 Saltmarsh zonation (Williams et al., 1994) 
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2.2 The economic and environmental importance of estuarine systems  

Activities such as fishing, recreation and aquaculture are prominent in many of the 

UK’s estuaries and significantly enhance their commercial value. The economic 

importance of these systems is further highlighted by their function as natural 

coastal defence systems (King and Lester 1995, Haslett 2000, Hughes and 

Paramor 2004, Mossman et al., 2012). International and UK studies have 

highlighted the important role of saltmarsh vegetation in coastal defence due to 

wave dissipation, with reductions of up to 92% in wave energy documented in the 

US (Haslett, 2000, Cooper et al., 2001). In terms of economic value to the UK, one 

study projected an increase of up to £600 million in coastal defence maintenance 

in Essex alone should these systems be lost (Hughes and Paramor 2004). 

The vast ecological value of estuaries is attributed to the presence of unique 

ecosystems, which are believed to be some of the most productive systems in the 

world and are an important factor in the food chain (Barbier et al., 2011; Kennish 

2001). Saltmarsh areas in particular, provide vital ecological habitats for a number 

of unique specialist flora and fauna that would be unable to survive in other 

habitats (Hughes and Paramor, 2004; Townend et al., 2011). These areas are 

protected under the European habitat directive (92/43/EEC) which dictates a no 

net loss policy for the UK, making saltmarsh preservation one of the most 

important conservation concerns in the UK (Hughes and Paramor, 2004; Gardiner 

et al., 2007; Kadiri et al., 2011; Spencer et al., 2012; Townend et al., 2011).    

From an environmental perspective a key value of estuaries is their ability to 

sequester millions of tons of carbon each year (Barbier et al., 2011). Saltmarsh 

systems are believed to have carbon burial rates in excess of 20 times that of 

terrestrial forests, making them one of the most important carbon sinks on the 

planet. It is unclear what the impact would be should these systems deteriorate 

releasing this carbon back into the atmosphere (MacCreadie et al., 2012). 

Loss or degradation of these environments will impact the valuable ecosystem 

services they provide such as food and raw materials, coastal defence and 

fisheries maintenance; ultimately resulting in significant ecological and economic 

impacts (Barbier et al., 2011; Macreadie et al., 2012; Mossman et al., 2012; 

McInnes, 2013). 
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2.3 Current pressures  

Estuaries are currently facing a wide range of pressures due to anthropogenic 

forcing and rapid environmental change. Their ability to evolve under these 

conditions still remains largely unknown, with concern of potential losses driving 

research to better predict responses of these systems to a changing climate.   

2.3.1 Climate change 

The response of estuaries to future sea level rise and increased storminess has 

fuelled the urgency to understand how these systems will evolve under changing 

environmental conditions (Gardiner et al., 2007). The Intergovernmental Panel on 

Climate Change's (IPCC) fifth assessment issued projections of a rise in global 

mean sea level over the 21st century under all scenarios. This rise in sea level is 

attributed to increases in global mean temperatures as a result of elevated levels 

of CO2 in the atmosphere. Estimates for the 20th century suggest a 0.19m rise in 

eustatic sea level with accelerated levels of 3.2mmyr-1 between 1971-2010 (IPCC, 

2013). Sea level rise will not occur uniformly across the globe and  relative sea 

level rise, which takes in to account regional factors, adds to the complexity of the 

subject. In context for the UK, in particular Southern England, the solid earth 

process of glacio isostatic adjustment needs to be accounted for. Glacio isostatic 

adjustment, due to the redistribution of mass after ice melt from the last glaciation 

period in the Devenisian, has resulted in subsidence in Southern England (Cronin, 

2012). Combined with sea level rise, areas of the south east coast are facing 

greater uncertainties, with predictions of rises of between 1.5mmyr-1 and  6mmyr-1 

made in previous studies (Watts et al., 2003; Doody, 2013).    

The consequences of a rising sea level on estuarine systems remains widely 

debated, however there is evidence to suggest that the mature component of 

saltmarshes may be able to maintain their elevations in the tidal frame providing 

there is sufficient sediment supply and adequate room for migration (Cundy and 

Croudace, 1996; Allen, 2003; French, 2006; Kirwan and Murray, 2007; Teasdale 

et al., 2011; Anderson et al., 2011). Sea level rise is but one component of climate 

change that poses a potential threat to UK estuaries, increased storm events, rain 

fall and changes in wind magnitude, direction and frequency all have potential to 

affect the dynamics of these sensitive systems and accelerate erosion.  
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2.3.2 Anthropogenic influences   

Lack of knowledge of the importance of estuaries has led to unsustainable usage, 

with large scale losses of intertidal areas attributed to industrial and agricultural 

expansion; as well as the effects of pollution and anthropogenic induced changes 

in morphology (Davidson and Buck, 1997; Cooper et al., 2001; Watts et al., 2003). 

It has been suggested that anthropogenic induced losses are the result of factors 

such as land reclamation and coastal defence implementation, which can lead to 

the modification of the hydrodynamics and potentially result in erosion (Haslett, 

2000).  

A key environmental concern regarding the degradation of estuarine systems is 

the potential for increased contaminant remobilisation from the sediment and 

threats posed by historical landfill sites (Spencer and O’Shea 2014; Machado et 

al., 2016). Expansion of industry and urbanisation in these areas over time has led 

to significant input of pollutants into these systems.  The natural ability of estuaries 

to act as a sink sees the removal of such contaminants from the water column 

which become incorporated into the sediment (Spencer, 2002; Spencer et al., 

2003).  Machado et al. (2016) suggest that climate change may affect metal 

pollution within estuaries. Modelling results from this study indicate that increased 

metal remobilisation from sediments is likely to occur if decreases in pH or 

changes in redox conditions occur, however accelerated erosion would also be a 

key factor. Spencer and O’Shea (2014), further highlight the impact of erosion on 

the potential release of waste material into these environments from vulnerable 

historical landfill sites that are actively degrading. They identify that further erosion 

research in such contaminated areas is required to understand the possible 

threats these historic waste sites pose under a changing climate. 

Engineered structures are a further anthropogenic factor that have been attributed 

to degradation within estuarine systems. The natural response of saltmarshes to 

rising sea levels is to migrate landward. Emplacement of coastal defences and 

historic landfill sites can prevent this move and have been implicated as a key 

cause of erosion, with the term coastal squeeze used to describe this 

phenomenon. (Haslett; 2000; Hughes and Paramor, 2004; Townend et al., 2011). 

It is however argued that  coastal squeeze is not a universal truth as it does not 
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occur in all estuarine settings, with evidence of marsh progradation under 

adequate sediment supply (Hughes and Paramor, 2004). Saltmarsh migration 

seaward further contests this phenomenon with examples of historical ports, such 

as Rye (UK), now being isolated from the coast (Shaw 1973; Hughes 2004; 

Townend et al., 2011). 

2.3.3 Mudflat and saltmarsh loss 

A key concern for estuaries is the loss or degradation of the intertidal habitat, in 

particular the saltmarshes. Saltmarsh losses have been projected as high as 50% 

on a global scale with some areas of the west coast of the United States 

exceeding 90% (Kennish, 2001; Barbier, 2011). In the UK, rapid saltmarsh erosion 

has been well documented in many areas but most notably in South East England, 

with studies documenting losses of up to 40 hayr-1 (Hughes and Paramor, 2004; 

French and Burnigham, 2003; Spencer et al., 2011). There appears to be no 

general consensus on the causes of these losses with both anthropogenic and 

natural causes such as pollution, land reclamation and changing  wind and wave 

conditions all implicated (Cooper et al., 2001; Watts et al., 2003). 

Although many intertidal erosion studies focus on saltmarsh loss, mudflat erosion 

is of equal concern. Mudflat environments are of vital economic and ecological 

value, providing important functions such as, coastal defences and habitats for 

many bird, fish and invertebrate species (O’Brien et al., 2000; Anderson, 2001; 

Burton et al., 2006; JNCC, 2016c).  Similar to saltmarsh systems, mudflat 

environments are facing extreme pressures from factors such as, land 

reclamation, rising sea levels, coastal squeeze all leading to significant loss of this 

form of intertidal habitat (Houwing, 2000; Burton et al., 2006; Mazik et al., 2010). In 

terms of the U.K, mudflat losses remain unquantified, but it is suggested that 

projections are likely to be equal to those of projected saltmarsh loss (Committee 

on climate change, 2013). This lack of any estimation of mudflat loss in the U.K is 

unsurprising as many studies that investigate mudflat erosion focus mainly on in-

situ or laboratory shear strength testing as oppose to any form of continuous 

monitoring.  

It remains uncertain how mudflat and saltmarsh systems will evolve under rapidly 

changing environmental conditions and what the consequences will be for their 
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future economic and ecological value. In order to preserve these limited natural 

resources it is essential we increase our understanding of the sediment dynamics 

and principally the driving processes governing erosion. Additionally, to fully 

comprehend the driving forces behind geomorphological change in these systems 

a greater understanding of the provenance and supply of sediment through these 

systems is required. 

2.4 Sediment provenance and supply  

The supply of sediment to estuaries is dependent on a complex set of erosion and 

transport process which can result in material arriving from multiple origins as well 

as redistribution of sediments within a single location. A common misconception is 

that the majority of sediments are derived from a terrestrial origin, however in 

many systems a marine source is generally more dominant (Collins, 1987; Dyer, 

1997; Burgess, 2004). The Greater Thames estuaries receive a substantial 

component of their sediment from marine sources, which are largely derived from  

erosion of the sea floor at the Dover Straits and coastal cliff erosion from the Isle 

of Sheppey; with the latter supplying in excess of 0.2x106m3 of sediment per year 

(Allen and Duffy, 1998; Van der Wal and Pye, 2004). A combination of fluvial and 

marine sediment supply is typical in many estuaries; with a dominant supply 

source generally being identified. This is exemplified in estuaries such as the 

Humber (UK) where the main component of the sediment is derived from marine 

sources, whilst many locations in California such as Suisun Bay receive major 

sediment inputs from fluvial origins (Lesueur et al., 2003; Ganju and 

Schoellhamer, 2009). The Severn estuary offers a further interesting example 

where contrasting grain size fractions of sediment are identified as having differing 

origins. The supply of fine material in the Severn estuary is proposed to be fluvial 

whereas the coarse sediments are of marine origin; having similar characteristics 

to those found in the Bristol Channel and Celtic Sea (Allen, 1991) 

Geochemical analysis has proved a valuable technique to interpret the source 

origins of estuarine sediments. The use of clay mineral suites in estuarine 

sediments is one such technique, with mineralogy often corresponding with the 

original lithological catchments (Sawhney and Frink, 1978; Patchineelam and 

Baptista Neto, 2007; Souza-junior et al,. 2008). This technique has been applied in 
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UK and international studies and has enabled investigations to distinguish 

between fluvial and marine derived sediments based on variations in the clay 

mineral suites and knowledge of the surrounding geology (Windom et al., 1971; 

Feuillet and Fleischer, 1980; Algan et al., 1994; Ferreira et al., 2010). Al-Musawy 

and Basi (1993) were able to ascertain the influence of aeolian supply of sediment 

to the Khor Al-Zubair estuary (Iraq) using this technique, identifying increasing 

landward concentrations of kaolinite and chlorite due to this transport mechanism.  

2.4.1 Implications of climate change on sediment supply  

Sea level rise is the main component of climate change that has been implicated 

in exerting large pressures on estuarine systems. Arguments have previously 

suggested that sediment accretion in these systems will be unable to keep pace 

with accelerated sea level rise; however the response of these systems will vary 

and is essentially dependant on sediment supply (Wolters et al., 2005a). In 

discussing the importance of sediment supply for the survival of saltmarshes, 

Morris et al. (2002) suggest that individual systems will have an optimum rate of 

sea level rise under which they will be able to maintain an equilibrium, based on 

the sediment supply regime of the estuary. French (2006) further argues that the 

focus of future studies in this area needs to be directed to the estimation of supply 

and deposition of sediment as opposed to sedimentation versus sea level rise.  

Changes in precipitation and atmospheric temperatures due to climate change 

have also been identified as a potential concern for sediment supply in some 

estuaries, particularly those reliant on fluvial deposits. Ganju and Schoellhamer 

(2009) propose that these changes can affect the sediment supply by altering the 

magnitude and timing of fluvial sediment supply. They also argue that these 

changes could result in some estuaries becoming a more river like environment 

and as a consequence encourage export of sediment, leaving the system unable 

to keep pace with sea level rise. 

2.4.2 Anthropogenic influences on sediment supply 

The anthropogenic modification of estuarine systems over past centuries has, in 

many cases, led to significant changes in sediment supply.  Fluvial sources in 

particular have seen a decline over the last 200 years, largely due to river 

engineering (Van der Wal and Pye, 2004). In SW England fluvial sediment supply 
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to the Exe Estuary is considered to have been more significant prior to the 

introduction of catchment management in the area in the 16th century (SCOPAC, 

2003). Examples from the Seine (France) also highlight how anthropogenic 

modification of the morphology of the area due to expansions in industry and 

infrastructure has led to the estuary changing from a sink to a source of fluvial 

sediments on the adjacent continental shelf (Avoine, 1987; Collins, 1987).  In the 

US heavy dam construction has been a further cause of reduced sediment supply, 

with an estimated 50% decline in supply from the Sacramento River between 1957 

and 2004 (Ganju and Schoellhamer, 2009). Coastal cliff management in the UK 

has also resulted in declines in sediment input into these systems. Improved cliff 

protection measures on the Isle of Sheppey have resulted in a reduction of 

approximately a third less sediment into the Greater Thames area over the 20th 

century (Crooks and Pye; 2000; Van der Wal and Pye, 2004).   

Changes in land use and engineering practices have conversely led to increased 

sediment supply in some cases. Investigations in the U.S have documented cases 

where mining and agricultural activities have resulted in large increases in 

sediment supply via fluvial systems (Meade, 1969; Ganju and Schoellhamer, 

2009).  These practices, particularly during colonial times, have been implicated as 

the key cause of accelerated erosion in the State of Maryland, which consequently 

led to large increases in sediment input into Chesapeake Bay on the eastern 

seaboard of the USA (Phillips, 1991). Charleston Harbour, in South Carolina 

(USA) is a further example of the implications of engineering on sediment supply. 

The fresh water influence into the harbour was increased from an average 20m3/s 

to a staggering 410m3/s due to the redirection of the Santee River in 1942, 

resulting in an increased sediment supply and decreased salinity (Meade, 1969).  

An understanding of sediment supply is essential in investigations into the 

sediment dynamics within estuaries as it is a crucial factor in their morphological 

development. These sediments, once within an estuary, are then subject to a 

number of processes which dictate the fate of the material. 
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2.5 Estuarine cohesive sediments  

Estuarine sediments feature generally as beds of a light brown muddy material, 

which are partially consolidated in the upper layers. Below this brown oxidised 

surface layer, which can range from centimetre to metre scales depending on the 

hydrodynamics of the area, the anoxic layer becomes evident and is characterised 

by its dark grey to black colour and sulphidic odour. In these anoxic areas the 

significance of biological and chemical activity in these systems becomes 

apparent, with microbial processes key in the breakdown of organic matter 

resulting in oxygen depleted conditions (Raudkivi, 1998; Whitehouse et al., 2000; 

Black et al., 2002). 

In the most basic of terms estuarine sediments are essentially aggregates of 

organic and inorganic materials with a combined liquid and gas component 

(Rowell, 1995; Terzaghi et al., 1996; Grabowksi et al., 2011). The inorganic 

component of cohesive sediments consists largely of minerals derived from the 

weathering of parent materials (Black et al., 2002). Silicates are the dominant 

mineral component in these sediments including quartz, feldspars and clays. Non 

silicates are present but in a lesser abundance and are generally made up of 

hydroxides, oxides and precipitates such as carbonates (Winterwerp and Van 

Kesteren, 2004). The organic content is also an ample constituent and is generally 

comprised of plant and animal detritus, with large spatial and seasonal variations 

evident in most estuaries (Whitehouse et al., 2001; Mc Anally and Mehta, 2001; 

USBR, 2006) 

Estuarine sediments are generally classified by the particle grain size using the 

Wentworth scale with sand, silt and clay being the dominant size fractions 

(Whitehouse et al., 2000). The silt and clay fractions are less than 62.5µm in size 

and are responsible for the cohesive nature of estuarine sediments, consequently 

attracting the greatest interest in many studies (Whitehouse et al., 2000). 

2.5.1 Cohesion  

The term cohesion refers to the intricate interactions that result in the stickiness, or 

cohesion, of the sediment grains, which consequently affects their behaviour. 

(Raudkivi, 1998; Whitehouse et al., 2000; McAnally and Mehta, 2001; Winterwerp 

and Van Kesteren, 2004). 
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Cohesion of the finer grain size fractions is due to the electrostatic forces between 

the particles, with sediments containing a mass of more than 10% fine grained 

material often exhibiting cohesive properties (Panagiotopoulos et al., 1997; 

Raudkivi, 1998; Whitehouse et al., 2000; USBR, 2006). There is no definitive limit 

between non cohesive and cohesive sediments, with suggestions that grain sizes 

of <60µm can exhibit cohesive properties, but it is generally accepted that in 

particles <20 µm cohesion will be significant (Mehta, 1990; Taki, 2000; 

Whitehouse et al., 2000; USBR, 2006) 

Cohesion is a result of the cation exchange capacities of the sediment, the 

properties of the surrounding fluid and can also be influenced by metallic and 

organic coatings on individual grains (Terzaghi et al., 1996; Raudkivi 1998; 

Whitehouse et al., 2000; McAnally and Mehta, 2001; USBR, 2006). The surface 

charges acting on the finer material in cohesive sediments are the dominant force 

in stability of the material and can be several orders of magnitude greater then the 

effects of particle weight (Raudkivi, 1998; Taki, 2000). Unlike non cohesive 

sediments, where particle size and weight are the principal control, it is the bulk 

properties of cohesive sediments that determine behaviour and influence sediment 

stability (Heinzelmann and Wallisch, 1991; Whitehouse et al., 2000). 

2.5.2 Erosion, transportation, deposition and consolidation cycle (ETDC) 

Investigations into sediment dynamics within an estuary require consideration of 

the erosion transportation, deposition and consolidation cycle (ETDC). These 

processes are of fundamental importance in understanding the behaviour and 

movement of the sediment within these systems, particularly the cohesive fraction 

of the material.  

The following sections of this review provide an overview of the sediment 

transport, deposition and consolidation processes of cohesive sediment before 

concluding with a review of erosion and its driving mechanisms.  

2.6 Sediment transport 

The process of sediment transport generally occurs in two modes; bed load 

transport or in suspension. Bed load transport is the primary mechanism for 

coarse material transport, whereas cohesive sediment is generally transported in 
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suspension (Figure 2.3) (Dyer, 1994; Camenen and Larson, 2005). The 

mechanics behind these processes differ between the coarse and fine sediments 

largely due to the cohesive nature of the fine material (USBR, 2006).  

 

 

 

Figure 2.3 Modes of sediment transport (Universidad de Puerto Rico, 2014) 

Non cohesive sediments are transported as individual grains with motion occurring 

once the velocity of the transporting fluid reaches a critical value. This can result in 

the initiation of either bed load transport or at higher velocities suspension of these 

grains in the moving fluid (McNally and Mehta 2009). The point at which the 

initiation of movement of the grains occurs is generally termed as the incipient 

motion and is an important factor in transport of non-cohesive sediments, usually 

depicted through the use of a Shield diagram model (McNally and Mehta, 2009; 

USBR, 2006). When considering cohesive sediments (2.5) concepts of this model 

can no longer be applied and investigations now need to consider aggregation and 

the electrochemical forces of these finer sediments (Mehta, 1986; McNally and 

Mehta, 2009).  

2.6.1 Cohesive sediment transport 

When investigating cohesive sediment transport it is important to recognise that 

the material can exist in multiple states. The key states of cohesive sediments are 

depicted in Figure 2.4 and include; sediment in suspension, fluid mud, partially 

consolidated sediment and consolidated sediment (Hayter and Mehta, 1986; Dyer, 

1994; Whitehouse et al., 2000). 
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Figure 2.4 States of cohesive sediment (Whitehouse et al., 2000) 

The transportation of cohesive sediments has been extensively studied in 

estuarine investigations and although our knowledge of this area has much 

improved it still remains a problematic area of study. This is largely due to the 

intrinsic relationship between the type of sedimentary material and the 

hydrodynamic regime; which is further complicated by the physicochemical nature 

of the material (Edzwald et al., 1974, Mehta 1989, Camenen and Larson 2005). 

Due to the vast and complex nature of the forces governing sediment transport a 

selection of the key features are covered in the following sections, for a more 

comprehensive overview of these processes the reader is referred to Mehta (1986 

and 1989).  

2.6.2 Estuarine hydrodynamics 

The hydrodynamic forces governing sediment transport in estuaries are an 

intricate set of processes heavily influenced by marine and fluvial interactions. The 

key hydrodynamic parameters affecting sediment transport are the influence of 

tidal oscillations, currents and wind/wave action; however estuarine mixing 

processes also affect circulation and transport (Mehta, 1986; Alison et al., 1995; 

Dyer, 1997; Townend et al., 2011). The circulation of estuarine waters is further 

affected by factors such as tidal range, geomorphology, tidal asymmetry and 

seasonal fluctuations in fresh water influx.  Site specific investigations are made 
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essential by this complex network of variables affecting sediment transport (Dyer, 

1994; Whitehouse et al., 2000; McNally and Mehta, 2009). In order to understand 

site specific variations, predictions of sediment transport within estuaries are 

required, which generally rely on a number of complex numerical models that 

incorporate the key hydrodynamic parameters of the site (McNally and Mehta, 

2009). 

2.6.3 Tidal influence 

The influence of the tides can vary largely between estuaries and are determined 

by geomorphological constraints that dictate accommodation space. These 

differences in tidal influence have resulted in a further classification of estuaries 

based on their tidal range shown in Table 2.1(Dyer, 1997; Haslett, 2000). 

Table 2.1 Classification of estuaries by tidal range, Adapted from; (Dyer, 1997; Haslett, 2000) 

Classification  Tidal Range  

Microtidal  <2m 

Mesotidal 2m >4m  

Macrotidal  4m >6m 

Hypertidal  >6m 

With increasing tidal ranges the influence of tidal currents becomes a more 

prominent factor in sediment transport. These currents exert frictional forces and 

create turbulence on the underlying bed, making them a significant force in erosion 

and transport processes (Mehta, 1986; Mehta, 1989; Dyer, 1995; Whitehouse et 

al., 2000; McNally and Mehta, 2009). Peak tidal current velocities are achieved at 

the mid-point between the ebb and flood phase when sediment transport is at a 

maximum (Figure 2.5). The reduction in velocity of these currents occurs around 

the periods of slack water and it is at this point that deposition of sediment 

primarily occurs (Raudkivi, 1998; Haslett, 2000).    
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Figure 2.5 Changes in current velocity and direction through a tidal cycle, adapted from Haslett 

(2000) 

 

The tidal cycle shown in Figure 2.5 is a simplified representation, showing equal 

periods of time between the ebb and flood tides. In many estuaries distortion of the 

tides occurs due to factors such as channel morphology and friction, leading to a 

dominant ebb or flood component with consequential effects on current velocities 

(Dronkers, 1986; Haslett, 2000; Whitehouse et al., 2000). This tidal asymmetry is 

noted in many estuaries and has been implicated as a driving mechanism in either 

sediment import or export depending on the dominant phase (McClaren and Little, 

1987; Haslett, 2000; Hughes and Paramour, 2004; Wolters et al,. 2005a; Spencer 

et al., 2012) 

2.6.4 Estuarine mixing  

The transport of cohesive sediments is also impacted by the interactions between 

fresh and marine waters within estuaries, leading to circulation and mixing 

processes. The density driven mixing of these waters results in complex 

stratification and circulation patterns and can have significant implications for 

sediment transportation (Raudkivi, 1998; Liu et al., 2002; McNally and Mehta, 

2009). Mixing processes vary between estuaries and are dependent on aspects 

such as topography and extent of the influence of fluvial and tidal processes 

(Raudkivi, 1998). Investigations into these processes have led to development of a 
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further classification scheme for estuaries based on their stratification and salinity 

distributions (Figure 2.6) (Dyer, 1994; Dyer, 1997; Haslett, 2000). 

 

 

Figure 2.6 Estuary classification based on stratification and salinity distributions (Haslett, 2000) 

One of the key features in the transportation of sediment in partially and well 

mixed estuaries is the phenomenon known as the turbidity maximum (Figure 2.6) 

(Dyer, 1994). This zone accommodates elevated levels of fine suspended 

sediment and is located at or near to the point of salt water intrusion as a result of 

turbulent mixing processes between the two water bodies (Dyer, 1997; Raudkivi, 

1998; Haslett, 2000). The suspended sediment concentrations in this zone are the 

highest within the estuary,  with peak  concentrations up to  1000 - 10,000 ppm 
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(mg l-1) found in some hyper tidal estuaries such as the Severn Estuary in the 

south west UK (Dyer, 1997).  

The turbidity maximum is not a fixed point and is subject to change due to factors 

such as tidal phasing and seasonal changes in fresh water influx. During times of 

increased river flow it is possible for this zone to reach the estuary mouth, 

potentially resulting in sediment export. (Dyer, 1995; Raudkivi,1998; Haslett, 

2000). Morphological change can also affect this zone with recent studies in the 

Seine Estuary noting the changing dynamics of the turbidity maximum as a result 

of natural land filling and anthropogenic modification of the area (Brenon and 

LeHir, 1999). 

2.6.5 Factors affecting change in hydrodynamic regimes 

The hydrodynamics within estuaries are constantly subject to change, which in 

certain cases can have severe implications such as the initiation of rapid erosion 

events (Townend et al., 2011; Spencer et al., 2012). Anthropogenic activities, such 

as land reclamation and coastal defence engineering, have been implicated in a 

number of studies as affecting local hydrodynamic factors such as tidal volume, 

current velocities and increased turbulence (Brockamp and Zuther, 2004; Wolters 

et al., 2005b; and Spencer et al., 2012).  

Natural factors affecting transport process can be short lived intermittent events 

through to seasonal and decadal oscillations and cycles (Figure 2.7). Seasonal 

affects are noted in studies and generally focus on variations in factors such as 

wind and fresh water discharge (Alison et al., 1995; French, 2006). Transport of 

larger particle size sediments during the winter months is discussed by Allen and 

Dark (2008) who attribute this to the changes in water viscosity as a function of 

seasonal temperature. Changes in tidal amplitude, the frequency and magnitude 

of storm activity and associated wind/wave energy have also been found to affect 

hydrodynamic processes in estuaries. Climate predictions propose that these 

pressures on sediment transport processes are expected to increase (Allen and 

Duffy, 1998; Van der Wal and Pye, 2004; French, 2008).  
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Figure 2.7 Important physical time scales affecting estuaries; M2 semi diurnal tidal cycle; M4 

quarter-diurnal tide (Dyer, 1995) 

The hydrodynamic forces play a central role in sediment transport and are 

sensitive to modification due to a host of natural and anthropogenic factors. Due to 

the intrinsic nature of the ETDC cycle any change in the dynamics of transport will 

consequently affect other processes in the cycle. This reinforces the sensitive 

nature of these locations to environmental change and poses further questions on 

the susceptibility of sediment transport to climate change and coastal engineering 

projects.  

2.7 Deposition  

Investigations into settling and depositional processes of cohesive sediment 

require consideration of the composition of the material in suspension, largely the 

clay fraction. The size and electrochemical nature of clays mean that individual 

particles do not readily settle out and can remain in suspension for great periods of 

time, relying on coagulation and aggregation processes for deposition to occur 

(Figure 2.8) (Bennett et al., 1991; Whitehouse et al., 2000; Grabowski et al., 

2011). 
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Figure 2.8 Cycles of deposition and resuspension of cohesive sediments in involved in particle 

aggregation and break up. (Wang and Andutta, 2013) 

2.7.1 Flocculation 

The process of flocculation is responsible for the formation of aggregates of 

cohesive sediment and is strongly influenced by the change in ionic composition of 

estuarine waters (Haslett 2000, Wang and Andutta, 2013). In a typical estuary 

colloidal material entering the system in the fresh water component will experience 

increasing salinity on mixing with marine waters. Under these conditions the 

repulsive forces of the clay fraction are neutralised and inter particle collisions will 

typically occur at salinities greater than 3ppt (Dyer, 1994; Whitehouse et al., 2000).  

Flocculation processes are known to commence as a result of various 

mechanisms in the fluid. The movement of material in suspension due to Brownian 

motion results in inter-particle collisions leading to the formation of weak 

aggregates, this type of flocculation is known as Perikinetic (Mehta, 1986; 

Partheniades, 1993; Raudkivi, 1998; Bratby, 2006; Grabowski et al., 2011). The 

presence of velocity gradients in estuarine waters also promote inter-particle 

collisions, with the aggregates formed  tending to be more robust, this stage of the 

flocculation process is known as Orthokinetic (Mehta, 1986; Partheniades, 1993; 

Raudkivi, 1998; Bratby, 2006).  Particle collisions further arise as a result of 
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differential settling velocities of the aggregates, where material settling out at 

faster rates can collide with slower moving particles during deposition, resulting in 

further aggregation (Mehta, 1986; Partheniades, 1993; Dyer, 1994; Raudkivi, 

1998; Haslett, 2000; Whitehouse et al., 2000; McNally and Mehta, 2002; Wang 

and Andutta, 2013). 

Flocculation is an essential factor in deposition of cohesive sediment within 

estuaries; however the final stages of this process will be determined largely by 

aggregate strength and the local hydrodynamic forces at work.  

2.7.2 Mud/Water interface 

Deposition primarily occurs when the current shear stress decreases around slack 

tide period, providing sufficient conditions for the settling out of suspended 

sediment (Mehta, 1986; Dyer, 1994; Whitehouse et al., 2000; Graham and 

Manning, 2007). During this period sediment is able to rapidly settle out with high 

concentrations forming in the near bed zone, termed fluid mud, leading to higher 

interactions between the sediment flocs (Figure 2.8) (Whitehouse et al., 2000; 

McNally and Mehta, 2002). The fate of these aggregates will ultimately depend on 

their ability to withstand the shear stresses in this near bed zone.  As the inter-

particle forces of the aggregates will vary and consequently their shear strength, 

particles will either become re-entrained and potentially disaggregated in the 

moving fluid or bond with the bed surface where they will begin the first stages of 

consolidation (Partheniades, 1993; Raudkivi, 1998; USBR, 2006). 

2.8 Consolidation  

Once the settlement and accumulation of sediment occurs on the underlying bed, 

the process of consolidation begins. The first stage of this process results in the 

partial consolidation of the deposited material and is initiated by the influence of 

the self-weight of the flocs over time. The overlying weight of the water and further 

material results in the expulsion of pore waters, leading to an increase in density 

(Whitehouse et al., 2000; Amoudry, 2008). This stage of consolidation is described 

by Mehta et al. (1989) as primary consolidation, which leads to the development of 

a soft consolidating bed. They further describe a secondary stage which is a result 

of the plastic deformation of the material. They note this secondary process 

commences whilst the material is still partially consolidated and identify that it can 
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continue for weeks to months after the initial stages finish, leading to the 

development of what they term a settled or firm bed deposit.   

The process of consolidation is the key factor in the development and stability of 

bed formations, with higher shear strengths found to correlate with increasing 

consolidation. The higher shear strengths of more consolidated sediments are 

largely a function of the increased density and lower water content of the sediment 

and are a key determination in the materials ability to withstand erosion (Mehta et 

al., 1989; Berlamont, 1993; Teisson et al., 1993; Toorman and Berlamont, 1993; 

Torfs et al., 1996). This relationship is noted in many estuarine studies where field 

observations have linked higher bed shear strengths to increased bulk density and 

low water contents due to increasing consolidation and consequently more 

resistant to erosion.(Crooks and Pye, 2000; Watts et al, 2003; Tolhurst et al, 

2008a).  

2.9 Erosion 

The ability of estuarine cohesive sediments to resist erosion is largely governed by 

the shear strength of the bed material. Higher shear strengths in these sediments 

are widely documented as resulting in greater resistance to erosive forces 

(Tolhurst et al., 1999; Watts et al., 2003; Zhu et al., 2008). The bed shear strength 

is dictated by the complex interactions and properties of these sediments and 

remains poorly understood (Mehta et al., 1989; Tolhurst et al., 1999).  

Cohesive bed erosion is primarily controlled by the frictional forces of the 

hydrodynamic regime in these environments, with combined tidal and wave action 

exerting a shear stress on the underlying sediments (Heinzelmann and Wallisch, 

1991; Raudkivi, 1998; Tolhurst et al., 1999; Whitehouse et al., 2000; Watts et al., 

2003). When this bed shear stress exceeds the cohesive forces of the material, 

removal of sediment from the bed will occur. This point at which erosion is initiated 

is often termed the critical shear stress (cr) and allows the determination of an 

erosion threshold for sediments (Hayter and Mehta, 1986; Paterson, 1997; 

Paterson et al., 1990; Tolhurst et al., 1999; Zhu et al., 2008). Various 

mathematical formulas have been developed in attempts to explain the controlling 
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parameters of  cr, however they all appear to be significantly different, with some 

remaining untested (Table 2.2) (Zhu et al., 2008). 

Table 2.2 Extract from summary of formulae of critical shear stress for cohesive sediment erosion 

(Zhu et al., 2008) 

Author  Form of formula  Notation  Testing data 

Dunn cr=0.01(s+180)tan(30+1.73PI) s = shear 

strength 

PI = plasticity 

index  

 

- 

Thorn and Parsons  cr = 5.42x10
-6

 (ρdry)
228

 - Remoulded samples 

from three locations 

Cao and Du  cr= 0.7 γ
5
dry  -  Remoulded samples 

flume test  

Hua and Wan  cr= 0.58B B: Bingham 

strength

Mixtures of PVC 

model sands and 

sediment from the 

Yellow River 

 

Varying parameters are often referred to throughout studies to describe erosion, 

with some of these terms clearly and consistently defined and others varying, 

depending on author and discipline. Table 2.3 highlights a selection of the key 

terms used within sediment erosion studies and presents examples of how the 

measures of some of these terms vary between authors, are used interchangeably 

and some lacking any clear scientific definition in relation to cohesive sediment 

studies. For clarity and consistency the definitions of the parameters outlined in 

Table 2.3 will be apply throughout the remainder of the thesis. 

 

The factors influencing these key sediment parameters are all intrinsically linked 

and it becomes challenging to attempt to determine whether these are largely 

controlled by internal factors of the sediment or the external forces in the estuarine 

environment. Of these key measures shear strength, cohesive strength, erosion 

potential, erodibility and stability are all governed by, and a function of internal 

factors of the sediment. This however does not mean that external controls cannot 
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instigate a measurable change in these parameters. Erosion and erosion 

thresholds are, to a greater degree, related to external factors as they are the 

result of the introduction of some manner of force. Internal factors of the sediment, 

however, also influence the extent of changes in these parameters, highlighting 

that the complexity of separating these terms into aspects of either internal or 

external factors when in it is most likely they are of equal importance and are 

governed by both. 

 

Table 2.3 Erosion parameter terminology 

Parameter Definition  Author  Qualitative /Quantitative 

Shear 
strength  

Forces push, pull and manipulate 
sediment. When these forces are 
imposed parallel to the sediment 
surface, the stress generated is 
termed a shear stress. The 
resistance of the material to these 
forces is known as shear strength. 
 
A measure of the sediments 
stability in space and time.  

Grabowski et 
al., 2014 
 

Quantification can be 
achieved by a 
geotechnical technique 
using a fall-cone 
apparatus to provide a 
direct measurement of 
sediment shear strength 
(Watts et al., 2003). 

 
Erosion 

 
A process of distortion, strain or 
failure produced by a force acting 
at right angles to the direction of 
movement over the shearing 
plane. 
 
 
Term soil erosion generally means 
destruction of sediment by action 
of wind and water. Author 
proposes however should include 
snow, ice, wind, animals and man.  

 
Bergsma et 
al., 1996 
 
 
 
 
 
 
Zachar 1982 

 
Term is used in both a 
quantitative and 
qualitative capacity 
throughout the literature. 
 
Quantification can be 
achieved using catch pits 
or tanks in small 
catchment to measure 
sediment run off. In larger 
catchments frequent 
sampling using 
measurements of flow 
and sediment load in 
water. Not always highly 
accurate needs to be 
frequent (Lawrence, 
1996). 
 

 
Erodibility  

 
Tendency for the sediment to be 
eroded, and is represented 
typically as an erosion threshold or 
erosion rate. It is an attribute of the 
sediment itself, and is dependent 
on the sediment properties that 
dictate the resistive forces in the 
sediment, such as gravity, friction, 
cohesion, and adhesion. 
 
 

 
Grabowski et 
al., 2011 
 
 
 
 
 
 
 
 
 

 
Although can be 
considered qualitative 
term, as represented by 
erosion thresholds and 
rates, quantification can 
be achieved using these 
related parameters. The 
term has therefore been 
used interchangeably 
between these 
parameters in past 
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The term erodibility describes how 
readily a sediment deposit will 
erode under the force of flowing 
water. 
 
Is a measure of the forces in the 
sediment that resists erosion from 
flowing water (e.g. gravity, friction, 
cohesion and adhesion). 

Grabowski, 
2010 

literature.  

 
Erosion 
threshold 

 
The threshold point at which at 
which structural failure of the 
sediment commences and are due 
to a shear stress applied to the bed 
or the velocity of an eroding fluid. 
 
 

 
Grabowski, 
2010 

 
Quantifiable by the 
detection of structural 
failure by a known shear 
stress or velocity of 
eroding fluid, which can 
be converted into 
quantifiable values such 
as shear strength and 
stagnation pressures 
 
 

Erosion 
potential 

No clear definition of erosion 
potential in the literature.  
The term is generally used in 
relation to the capacity for 
sediment to erode when necessary 
conditions exist.  

 Qualitative term 

 
Stability  

 
No clear meaning of sediment 
stability defined in the literature 
and assumes the general definition 
of the term stability, e.g., The 
strength to stand or endure.  

  
Many studies have a 
tendency to measure 
stability through erosion 
thresholds/rates and 
shear strength although 
these are different 
parameters, they are 
generally considered as 
an indicator of stability 
(Tolhurst et al., 2000). 
 

 
Cohesive 
strength  

 
Strength of the attractive 
electrochemical forces of the clay 
and colloid fraction of the 
sediment. 
 
 
Strength of sediment related to 
tendency of clay sediment grains 
due to surface electrical charges 
on grains. Function of sediment 
CEC and fluid properties and can 
be modulated by metallic or 
organic coatings. 

 
Grabowski, 
2010 
 
 
 
 
Mcnally and 
Mehta, 2001 

 
Some studies consider 
the measurement of 
shear strength as a direct 
measure of cohesion 
(Ikari and Kopf 2011). 
 
A direct measure of the 
Cation Exchange 
Capacity of the sediment 
in some studies is 
considered as a measure 
of cohesive strength 
(Mcnally and Mehta, 
2001).  
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Four key modes of erosion are identified by Winterwerp and Van Kesteren (2004) 

in their review of the physical behaviour of cohesive sediment; entrainment, floc 

erosion, surface erosion and mass erosion (Figure 2.9). 

The mode of entrainment is of particular interest when investigating estuarine 

sediments as it considers the fluid mud component of the sediment. When 

sediments are particularly soft and unconsolidated the material can behave as a 

viscous fluid mud and entrainment can occur (Winterwerp and Van Kesteren, 

2004). The viscous nature of sediment in this state identifies the need for 

rheological considerations for sediments in these environments. The importance of 

rheological properties is highlighted in an investigation into the response of 

cohesive sediments to stress. The results from this laboratory based study 

determined that under low strain, these sediments behave as elastic solids, under 

higher strains they behave as a viscous fluid and at intermediate strains; the 

material is noted as having viscoelastic properties (Chou et al., 1993). The 

rheological properties of cohesive sediments are therefore an important factor in 

understanding the erodibility and potential for fluid behaviour of sediment 

(Berlamont et al., 1993). 

 

Figure 2.9 Four modes of erosion adapted from Winterwerp and Van Kesteren (2004) 



 

32 

 

2.9.1 Meteorological influence  

Discussions on the implications of climate change generally focuses on sea level 

rise as the key mechanism driving erosion (2.3.1) and do not always consider the 

effects of meteorological changes. The effects of the wind have been highlighted 

as a significant factor in promoting erosion in many estuarine studies, due to its 

influence on the hydrodynamic regime (Allen and Duffy 1998, Alison et al.,1995; 

Couperthwaite et al., 1999). It has been proposed that intermittent wind forcing 

exerts an important control on sediment balances and needs to be considered 

when predicting the impacts of environmental change (French 2008). Studies from 

the Blyth Estuary, Suffolk and the Greater Thames have both noted episodes of 

sediment export and rapid saltmarsh erosion coinciding with increased wind 

speeds and associated wave set up, particularly in the 1970s (Van der Wal and 

Pye, 2004; Wolters et al,. 2005a; French et al.,, 2008). Under UK climate scenarios 

changes to wind regimes are largely unknown, however it is believed that 

increased intensity and frequency of winds are to be expected (French et al., 

2008). 

A further meteorological factor influencing erosion is that of rain which has been 

identified by various authors as reducing the erosion thresholds of the sediments 

(2.10.3). The influence of rain on the erosion of estuarine sediments is suggested 

to extend past the physical aspect of impact into the biogeochemical properties of 

the sediment with pore fluid chemistry and stabilising biological components of the 

sediment both potentially altered (Tolhurst et al., 2008b). With projections of 

increased annual precipitation rates during this century for countries in higher 

latitudes, the impacts of rain on the UK’s estuaries could, potentially, be 

considerable (IPCC, 2013).  

2.9.2 Vegetation influence  

The loss of saltmarsh vegetation has also been documented as having a 

detrimental effect on sediment stability, largely due to the binding effects of the 

root systems and in-situ production of organic material (Velde and Church, 1999; 

Allen, 2000; Thomas and Ridd, 2004). Marsh vegetation also plays a crucial role in 

modifying tidal flow velocities and turbulence, thereby limiting erosion (Graham 

and Manning, 2007; Townend et al. 2011). Vegetation loss has been identified in 
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many estuarine studies with die back of such species as the cord grass Spartina 

anglica evident in a number of locations throughout Southern England (Crooks 

and Pye, 2000; Cooper et al., 2001; Hübner et al., 2010; Doody, 2013). Further 

examples of vegetation loss are noted throughout Europe and have been found to 

have significant implications for sediment stability and hydrodynamic processes, in 

many cases promoting erosion (Davidson and Buck, 1997; Hughes and Paramor, 

2004).  

The intricate relationship between the sediment dynamics and the multitude of 

forces driving erosion mean that predicting the response of an estuary to 

environmental change remains challenging. To better understand erosion in these 

environments, it is essential that we improve our knowledge of the fundamental 

sediment properties that govern the resistive forces of the material.  

2.10 Temporal and spatial variations in erosion and sediment properties 

Erosion studies refer to erodibility of sediment in terms of erosion rates or 

thresholds. Erosion thresholds are related to the level of shear stress applied to 

the bed or the velocity of the eroding fluid. Erosion rates apply to the mass of 

sediment removed once erosion has commenced (Grabowski, 2010).  

Temporal and spatial variability in erosion rates and thresholds within estuarine 

locations are evidenced in previous studies and have been attributed to physical 

and biological characteristics of the sediment. (Paterson et al., 2000; Widdows, 

2000; De Decker et al., 2001; Watts et al , 2003; Tolhurst et al., 2006). Although 

our understanding in this research field, particularly biological influences, has 

improved, studies that focus on temporal and spatial variations in erosion remain 

limited.  

The properties and composition of estuarine sediments are the fundamental 

factors that govern cohesion and are therefore of importance when considering 

temporal and spatial variations in erosion. Estuaries are perhaps one of the most 

intricate sedimentary environments and the complexity and interaction of their 

properties should not be under estimated (Raudkivi, 1998). In order to gain a more 

holistic view of the role of sediment properties on stability understanding of the role 
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of individual components must be improved, in particular their interactions and 

spatial and temporal variability.  

Any attempt to investigate temporal and spatial variations in erosion therefore 

needs to consider these properties, their interactions and the processes affecting 

the stability of cohesive sediments (Whitehouse et al., 2000; Grabowski et al., 

2011). The following sections of this review provide an overview of a selection of 

key physical, biological and geochemical sediment properties and their 

relationship with sediment stability, for a comprehensive review of each of the 

individual properties the reader is referred to Grabowski et al. (2011). 

2.10.1 Physical properties  

The physical characteristics of estuarine sediments have received the most 

investigation when considering erosion, with the key properties such as; bulk 

density, water content, grain size and grain size distribution all suggested to have 

an influence on sediment stability (Grabowski et al., 2011).  

A physical property of cohesive sediment that has received a great deal of 

attention in literature is bulk density. Bulk density can be defined as “the ratio of 

the mass and apparent volume of a sediment sample” and is dependent on the 

density of particles, water and gas content at a particular time (Baize, 1993; 

Grabowski et al., 2011). It has been identified in many instances that shear 

strength and erosion resistance of cohesive sediments are actively associated with 

bulk density (Stephens et al., 1992; Whitehouse et al., 2001; Van Der Wal and 

Pye, 2004; Bale et al., 2007). One study found that shear strength of sediments in 

the Severn Estuary were notably higher than those in estuaries in Essex, partially 

attributing this to the higher bulk density of the cohesive sediments in the Severn 

localities (Crooks and Pye, 2000). This study does, however, note numerous other 

differences between the sediment properties of the two locations. Variations in 

clay mineralogy, pore fluid chemistry and carbonate content are also identified as 

further potential explanations for the differing sediment erosion thresholds of the 

locations in this study (Crooks and Pye, 2000). 

Flume based experiments have examined the relationship between bulk density 

and erosion rates of cohesive sediments, concluding by associating higher erosion 
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rates with lower bulk densities (Jepsen et al., 1997, Bale et al., 2006). Jepsen et 

al. (1997) took further measures in an attempt to isolate the influence of bulk 

density, by using reconstructed sediments. The study was able to determine that 

for certain sediments there were significant relationships between bulk density and 

erosion resistance.  

In cohesive sediments bulk density may be a critical factor in erosion resistance 

however in non-cohesive sediments this is generally not the case. Laboratory 

experiments by Roberts et al. (1998) looked at the effects of particle size and bulk 

density on erosion.  They found that although this property was a significant factor 

for the fine cohesive material, erosion of non-cohesive sediments were instead a 

function of particle size. Water content also exerts a considerable influence on 

bulk density due to the expanding and contracting nature of cohesive sediment 

(Baize, 1993). This is exemplified in studies where periods of shorter tidal 

coverage and increased sub aerial processes, such as evaporation, have led to 

increases in bulk density. These studies have consequently noted an increase in 

erosion resistance of the sediments associated with changes in bulk density, in 

some cases increasing shear strength by as much as 20 times (Amos et al., 1998; 

Watts et al., 2003). There is however an alternative argument that it is actually 

water content and not bulk density that controls the nature of erosion, due to its 

influence on the clay components of the sediment (Grabowski et al., 2011).  

Investigations into the influence of particle size and erosion resistance generally 

focus on non-cohesive sediments, where a positive correlation between the two 

measures is relatively well established (Grabowski, 2010). However two studies 

identify negative relationship between particle size and erosion in cohesive 

sediments. Thomson and Gust (2000) found that increased erosion resistance of 

marine sediments in their study was associated with decreasing particle size. 

Roberts et al.’s (1998) laboratory study also identified a similar negative 

relationship between erosion thresholds and the finer fraction of quartz particles. 

Although quartz would generally be associated with non-cohesive sediment, in this 

experiment the finer fraction quartz particles were found to demonstrate cohesive 

behaviour. They conclude that the association between increased erosion 

threshold and the finer sediment fraction was due to the increased cohesive 
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forces. Grabowski (2010) argues that particle size can demonstrate either positive 

or negative relationships with erosion in cohesive sediments, and is dependent on 

the degree of shear in the water column during deposition which can influence 

aggregate size and as consequence erosion resistance.  

Estuarine muds are generally a mixture of both cohesive and non-cohesive 

sediments and are usually categorised in to three key size fractions; clay, silt and 

sand. The clay size fraction and the combined clay and silt fraction, referred to 

hereafter as mud, of estuarine sediments are often believed to be a further factor 

in sediment stability, with higher concentrations of these generally associated with 

a higher erosion resistance. Erosion studies into mixed cohesive and non-

cohesive sediments observed significant increases in erosion resistance on the 

addition of mud to sand reconstructed sediments, relating this increased stability to 

the increased cohesive nature of the mud fraction (Mitchener and Torfs, 1996; 

Panagiotopoulos et al., 1997). Mitchener and Torfs (1996) observed that the 

addition of 30% mud to sand bed samples in their laboratory study recorded an 

increase in the critical shear stress by up to a factor of 10. In-situ field studies have 

also observed higher erosion resistance related to higher mud contents. 

Houwing’s (1999) study into erosion thresholds of mudflats in the Dutch Wadden 

Sea observed the highest rates of erosion in locations with the lowest mud content 

and conversely lower rates of erosion at locations with the highest mud content. 

The study concluded that the erosion rate at the site was dependant in part on the 

sand to mud ratio of the sediment.   

In summary the physical properties of cohesive sediments; bulk density, particle 

size, particle size distribution and water content are intrinsically linked to erosion. 

The subject of the influence of sediment properties on erosion resistance becomes 

further complicated by the addition of the biological component.  

2.10.2 Biological properties 

A significant biological component of estuarine cohesive sediment has long been 

recognised, with advances in research now identifying considerable links with 

sediment stability and erosion. Stabilising effects from the biological properties of 

these sediments have proved in some studies to exert a stronger influence than 
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the electrochemical forces at work within cohesive sediments (Paterson, 1997; 

USBR, 2006). 

Benthic communities in these environments make up a considerable proportion of 

the sediment mass, therefore an influence on the behaviour of the sediment is to 

be expected (Whitehouse et al 2000). The importance of these components are 

defined by their ability to modify sediments, in particular the positive and/or 

negative effects they may have with regards to erosion resistance (Table 2.4) 

(Heinzelmann and Wallisch,1991; Paterson et al., 2000; Tolhurst et al., 2006; 

Larson et al., 2009) 

Table 2.4 Key stabilising and destabilising bio influences in cohesive sediments Black et al. (2011) 

Stabilising Effects Destabilising Effects 

EPS Blistering 

Sediment compaction pelletization 

Increased drainage Grazing 

Network effects Burrow cleaning 

Flow effects Boundary layer effects  

Bio filtration and bio deposition   

Sediment armouring  

 

The binding and adhesive properties of biological components such as 

Biofilms/EPS (Extra Polymeric Substances) and microbial mats are documented in 

many studies as often exerting significant stabilizing effects on sediments 

(Grabowski et al., 2011). Secretions of mucus compounds from microorganisms, 

known as EPS actively bind sediment grains together, increasing the shear 

strength of the sediment. Furthermore framework structures such as biofilms and 

microbial mats act as a stabilizing matrix within the sediment. (Ginsburg and 

Lowenstam, 1958; Heinzelmann and Wallisch, 1991; Paterson, 1997; Whitehouse 

et al., 2000; Tolhurst 2006; Larson et al., 2009). These bio-stabilising effects have 

been confirmed in field studies where in-situ shear strength measurements of 

sediment have been notably higher in areas of visible biofilms, in some cases up 
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to five times more resistant to erosion (Underwood and Paterson, 1993; Paterson, 

1997; Tolhurst et al., 1999). Laboratory based studies into the effects of EPS 

provides further evidence of bio-stabilising effects. Using reconstructed sediments 

Meadows and Tait (1989) and Lubarsky et al. (2010) both identify increased 

stability due to EPS production by colonising organisms.  

Seasonal aspects of the biological influence on sediment stability are identified in 

many studies, noting correlations between increases in algal mats and bio-films 

and increased shear strength of sediments in summer months (Underwood and 

Paterson, 1993; Widdows et al., 2000). An earlier study by Frostick and Cave 

(1979) noted higher sediment accretion coinciding with seasonal algal growth in 

the Deben Estuary, UK. They conclude that although seasonal changes in algae 

play a significant role in sediment stability, in this case they were unlikely to be 

responsible for higher accretion rates. More detailed temporal and spatial 

variations in biological influences were measured by Friend et al. (2003) by 

investigating day and night variations in sediment stability. The study found 

sediment stability increased during the day and propose this to be a function of 

diatom migration in the night. They conclude by highlighting the importance that 

even short term biological changes will have implications for sediment stability. 

Biological properties and processes that result in changes in composition and 

structure of the sediment can also decrease material stability. Geometrical 

changes in the bed can also occur as a result of these processes which, even on 

small scales, can modify the hydrodynamics and result in increased erosion 

(Paterson, 1997; Black et al., 2002). It is well documented that activities such as 

feeding, egestion and bio-turbation can affect stability with cases of the latter being 

implicated as causes of significant erosion in some studies (Whitehouse et al., 

2000; Hughes and Paramour, 2004; Grabowski et al., 2011).  

Studies by Hughes and Paramour (2004) and Paramour and Hughes (2004) 

identify bio-turbation and feeding of Nereis Diversicolor (ragworms) as a possible 

key cause of saltmarsh erosion in areas of Southern England. Contrasting views 

are presented by Wolters et al. (2005a) who suggest that although there is some 

evidence of the effects of Nereis Diversicolor, it remains dubious due to the limited 
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scale of Hughes and Paramour’s study (2004).  Laboratory studies by Meadows et 

al. (1990) suggest the contrary, identifying stabilising affects and increased shear 

strength of sediments due to secretions from these organisms.  

The possibility of both positive and negative implications on sediment stability from 

an individual species means any attempt to predict the overall effects of an entire 

benthic community remains somewhat ambitious (Heinzelmann and Wallisch 

1991; Paterson, 1997). The influence of these biological properties is further 

complicated when considering the implications of the geochemical element of 

cohesive sediments. 

2.10.3 Geochemical properties  

The geochemical properties of cohesive sediments have received very little 

investigation with regard to their influence on erosion. The electrochemical nature 

of these sediments are evident in the inter particle forces that control sediment 

cohesion, consequently any geochemical influences can have implications for 

sediment stability (Ravisangar et al., 2001; Grabowski et al., 2011). With a wide 

range of geochemical influences on cohesive sediments in these environments, it 

is important that studies consider the potential effects of these properties (Table 

2.5) (Montague, 1986; USBR, 2006; Grabowkisi et al., 2011). 

Table 2.5 Key Physical properties affecting erosion and sediment stability, adapted from Grabowski 

et al. (2011) 

Key Geochemical Properties affecting sediment 
stability and erosion 

Clay Mineralogy  

Total Salinity  

Cations (SAR) 

pH and metals  

Organic Matter 

 

Following Grabowski et al’s (2011) review of sediment properties organic matter is 

categorised under the geochemical sediment properties section. The organic 

components of the sediment are comprised of a diverse range of constituents, 

generally related to aspects of living and dead flora and fauna such as their waste, 
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secretion and the organisms themselves. These organic components range in size 

from smaller colloidal material to much larger material such as plant detrital matter 

and are also observed as surface coatings on sediment grains (Rowell, 1994; 

Grabowski et al., 2011).  

In terrestrial soils science the influence of organic content on soil erosion is 

relatively well established with soils less than 3.5% organic content considered to 

be erodible (Morgan, 2005). Soil organic matter is believed to affect stability by 

increasing aggregate cohesion due to binding between mineral particles in the 

soils and organic polymers (Chenu et al., 2000). Soil water concentrations have 

however been highlighted as a factor that may affect the degree of influence of 

organic content on stability. Studies by Ekwue and Stone (1995) and Ekwue et al. 

(2014) observe that organic matter increases soil strength under high water 

contents, yet has the opposite influence under low water contents. Organic matter 

is a key component of intertidal cohesive sediments and likely plays a similar role 

in governing stability within estuarine sediment, however there are limited studies 

to ascertain to what extent.  

Water geochemistry can have significant effects on the physicochemical forces 

that govern cohesion and can therefore influence the erosion and stability of 

cohesive sediments.  Investigations into the geochemical properties of water have 

led to research in areas such as pH, metals, salinity and dissolved ions. These 

studies emphasise the importance of understanding the chemical influence of the 

fluid components and their influence on erosion (Grabowski et al., 2011).  

Studies into the effects of pH on sediment stability are limited and currently remain 

confined to laboratories (Grabowski et al., 2011). These studies have identified 

possible relationships between pH and erosion resistance, with one study 

recording a decline in erosion resistance by up to 14 times due to increasing pH 

(Montague, 1970; Ravisangar et al., 2001). Further in-situ field based studies are 

required to better understand the influence of pH on stability, particularly as this 

property can be mediated by biological activity (Ginsburg and Lowenstam, 1958; 

Heinzelmann and Wallisch, 1991) 
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The geochemical implications of rain water on erosion thresholds have also been 

highlighted in recent field studies. Erosion resistance of sediments have been 

found to decline after even brief periods of rain with suggestions that the lower 

ionic strength of rain water may possibly affect the pore water chemistry and 

reduce cohesion in the surface sediment (Paterson, 1989; Paterson et al., 2000; 

Tolhurst et al., 2008b).  

The geochemistry of the interstitial pore waters are a further factor governing inter-

particle bonding, with any disruption to these having implications on erosion 

resistance (Whitehouse et al., 2000; USBR, 2006). The composition of dissolved 

ions in these pore fluids are suggested as being a main factor in erosion 

susceptibility in particular the ratio of Na+ ions.  Shear strength of cohesive 

sediments have been found in some studies to be dependent on the ratio of Na+ to 

Ca2+ and Mg2+ cations in the pore waters (Mehta, 1986; USBR, 2006).  Higher 

levels of this sodium adsorption ratio (SAR) have been associated with lower 

erosion resistance of sediments. This is due to the ability of clays to absorb larger 

quantities of water at higher SAR levels resulting in expansion and dispersion of 

the clay in the sediment (Mehta, 1986; Grabowski et al., 2011). Crooks and Pye 

(2000) document evidence of this in comparative studies of the Severn Estuary 

and Essex marshes. The results from this study found lower SAR values in the 

Severn Estuary and consequently higher calcium carbonate content in the 

sediment contributed to a higher resistance to erosion in this location, in contrast 

to the calcium deficient, high SAR value of the Essex marshes. 

Secondary geochemical precipitates are a further factor that may possibly impact 

the surface stability of estuarine cohesive sediment, however there is limited 

knowledge in this area that can confirm offer any form of relationship.  Enrichment 

of certain metals such as, Fe and Mn, have been observed in estuarine surface 

sediments and are associated with the diagenetic cycling processes within the 

sediment (Farmer, 1991; Cundy and Croudace, 1995; Spencer et al., 2003, 

Ridgway et al., 2012).  Such processes, occurring in more reduced sediment 

conditions, can see the upward migration of dissolved species like Fe and Mn 

oxhydroxides and re-precipitation closer to the sediment interface (Farmer, 1991; 

Zwosman et al., 1993). These geochemical precipitates are often observed on 
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estuarine surface sediments and can have an almost sticky like nature, which 

would indicate they may play some kind of role in stability. No direct studies can 

be identified that investigate any relationship between geochemical precipitates 

and cohesive sediment stability. Grabowski et al., (2012) however, discuss how 

the presences of metals can have several mechanisms in which they may 

influence the erodibility of sediment; by increasing cohesion of clays, increasing 

the elastic strength of biofilms and acting as cementing agents. It is therefore likely 

that geochemical precipitates do play some role in governing sediment stability in 

estuarine environments but to what extent remains unclear and may warrant 

further investigation.  

The geochemical influence on erosion is further extended to the mineralogical 

component of the cohesive sediment in particular the clay mineralogy. Clay 

mineralogy is largely known within terrestrial soil sciences to influence erodibilty, 

yet has received very little focus in the study of estuarine sediments (Edzwald and 

O'Meila, 1974; Allen, 2000; Zhu et al., 2008; Grabowski et al., 2011).  

The remaining sections of this review will provide a comprehensive discussion of 

the influence of clay mineralogy and its potential effects on the erosion thresholds 

of cohesive sediments in estuaries. 

2.11 Clay mineralogy 

Clay minerals are abundant in estuarine sediments and are largely responsible for 

the cohesive nature of the material. These minerals are primarily formed as a 

result of chemical weathering of silicate minerals within parent rocks and generally 

exist within the <2µm size fraction (Terzaghi et al., 1996; Moore and Reynolds, 

1997; Zhang et al., 2010; Theng, 2012a). They make up a considerable 

component of sediment and rock material across the earth, with approximately one 

third of sedimentary rocks believed to be formed from clay minerals (Moore and 

Reynolds, 1997). Compositions of these minerals are not uniform and evidence of 

diversity in clays has led to the recognition of different clay mineral groups. 

Characteristics such as particle size, cation exchange capacity and water 

absorption capabilities all vary between the main clay groups (Murray, 1999; 

Meunier, 2005; Zhu et al., 2008; Grabowski et al., 2011). Essentially it is the 
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composition and arrangement of these minerals that govern the physical and 

chemical difference between the groups (Murray, 1999; Meunier 2005.) To 

understand the implications of these varying properties of the clays and their 

interactions in the natural world it is essential to first understand the basic building 

blocks of these minerals.  

2.11.1 Clay mineral composition  

Clay minerals are fundamentally hydrous aluminosilicates which, due to their layer 

like crystal structures, are considered as a class of phyllosilicates (Bennet et al., 

1991; Terzaghi et al., 1996; Moore and Reynolds, 1997; Meuiner, 2005; Zhang et 

al., 2010; Theng 2012a). The basic units of a clay mineral can be divided into two 

components, the silica tetrahedron and the aluminium octahedron, which form the 

basis of the characteristic tetrahedral and octahedral layers (Figure 2.10) 

(Terzaghi et al., 1996; Raudkivi, 1998; Meunier 2005; Theng, 2012a).  

 

 

Figure 2.10 Top (A) Alumina octahedron. Top (B) alumina octahedral sheet Bottom (A) Silica 

tetrahedron. Bottom (B) Silica tetrahedral sheet. (Grim, 1968). 

The ionic composition of these layers is not fixed and isomorphic substitution can 

be considerable within clay minerals. The substitution of ions of a lower charge 

and similar size can see Si4+ replaced by Al3+ in the tetrahedral layer and Al3+ 

replaced by cations such as Mg2+, Li+, Fe3+ and Cr3+ in the octahedral layer 
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(Terzaghi et al., 1996; Moore and Reynolds, 1997; Raudkivi, 1998; Rikotterstedt 

and Brandeth, 1998).  

As a consequence of ionic exchange, and also broken bonds on clay minerals, 

negative charges are adopted by the crystal structure. This negative charge can 

be balanced by adsorption of exchangeable cations in close proximity on to the 

mineral structure (Raudkivi, 1998; Rikotterstedt and Brandeth, 1998). The total 

amount of cations that a particular clay mineral can hold due to this negative 

charge is known as the Cation Exchange Capacity (CEC) (Baize, 1993; Rowell, 

1994). The CEC can be influenced by various factors such as pH and differs 

between the main clay groups, exerting physical and chemical influences over the 

minerals, in particular their water absorption capabilities (Baize, 1993; Terzaghi et 

al., 1996; Grabowski et al, 2011).   

The bonding of the tetrahedral and octahedral layers forms the crystal structure of 

clay minerals, occurring in various combinations and forming different species of 

clay. Interstratifications of these species can also occur, leading to the 

development of mixed layer clay minerals. (Moore and Reynolds, 1997; Meunier, 

2005). The main criterion for classifying the clay mineral groups is based on layer 

configuration within the crystal structure of phyllosilicates (Table 2.6) (Moore and 

Reynolds, 1997; Raudkivi, 1998; Meuiner, 2005). 

Table 2.6 Classification of Clay mineral species based on layer structure. Adapted from Moore and 

Reynolds (1997) 

Layer 

type 

Bonding Example Clay mineral species 

1:1 one tetrahedral layer with one octahedral layer Kaolinite, Dickite, Nacrite, 

Halloysite 

2:1 one octahedral layer between two tetrahedral 

layers 

Smectite,Vermiculite, Illite, Chlorite 

 

Further distinctions can be made between the clay mineral groups based on a 

number of varying characteristics between the individual species. Compositional 

variations and mechanical behaviour of two of the key clay mineral groups are 
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discussed further in Section 6.1. The following section of this review will introduce 

three of the main clay mineral species and provide an overview of the key 

characteristics of each.  

2.11.2 The characteristics of kaolinite    

Kaolinites (Figure 2.11 A and B) are classified as 1:1 layer phyllosilicates and are 

mostly formed as a product of weathering or hydrothermal alteration of aluminium 

silicate minerals (Moore and Reynolds, 1997; Zhang et al., 2010). The key 

characteristics of this clay mineral are shown in Table 2.7. A major source of this 

clay mineral species is the Feldspar minerals, a common constituent in the earth’s 

crust. These clay minerals are often formed in warm, humid environments and are 

commonly found on all continents (Pitty, 1978; Moore and Reynolds, 1997; 

Murray, 1999).                                                                                                                                                        

An important characteristic of the kaolinite clay minerals is their strong interlayer 

bonding which is responsible for their non-swelling behaviour. There is also little 

isomorphic substitution in this clay species which consequently results in their 

lower CEC values (Pitty, 1978; Murray, 1999; Theng, 2001b). 

                               

Figure 2.11 Figure A) SEM Image of kaolinite clays (Mineralogical Society, 2014). B) Structure of a 

kaolinite layer (USGS, 2013). 

 

 

 

 

 

 

A B 
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Table 2.7 Characteristics of kaolinite adapted from (Murray, 1999; Zhang et al., 2010; Grabowski et 

al., 2011) 

Characteristic Kaolinite 

Layer type 1:1 

Particle size Large 

CEC (Meq/100g) 3-15 

Water absorption capability Low – non expansive 

Plasticity Low 

Erodibility in soils Low 

Erodibility in sediment low SAR Medium 

Erodibility in Sediment High SAR Medium 

Viscosity Low 

Surface area Low 

2.11.3 The characteristics of illite   

Illites (Figure 2.12 A and B) are classified as a non expandable 2:1 layer 

phyllosilicate and are largely formed as product of weathering, particulary of older 

argillaceous sedimentary rocks, but can also form as a result of hydrothermal 

activity (Moore and Reynolds, 1997; Raudkivi,  1998). The key characteristics of 

illite are displayed in Table 2.8. Illite is known to have a very similar crystal 

structure to that of Muscovite and its formation is believed to be prominent in 

higher lattitudes, where mechanical weathering is dominant ( Moore and 

Reynolds, 1997).  

Weathering of illites can lead to removal of the interlayer K+  in the structure and, 

as a result, can see them partially transformed into an expandable phyllosilicate 

(Terzaghi et al., 1996; Moore and Reynolds,1997).                                                                                                   

                               

Figure 2.12 SEM Image of Illite (Mineralogical Society, 2014), B): Structure of an Illite layer (USGS, 

2013). 

A B 
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Table 2.8 Characteristics of Illite adapted from (Murray, 1997; Zhang et al., 2010, Grabowski et al., 

2011) 

Characteristic Illite 

Layer type 2:1 

Particle size Medium 

CEC (Meq/100g) 10-40 

Water absorption capability Medium – non expansive 

Plasticity Medium 

Erodibility in soils Medium 

Erodibility in sediment low SAR Low 

Erodibility in Sediment High SAR High 

Viscosity  - 

Surface area                         Medium 

2.11.4 The characteristics of smectite  

Smectite (Figure 2.13 A and B) is the collective name for a group of expandable 

2:1 clay minerals, Montmorillonite being the most common in this group (Terzaghi 

et al., 1996; Murray, 1999). The key characteristics of this clay mineral are 

displayed in Table 2.9. These expandable phyllosilicates tend to form in temperate 

latitudes, with weathering and the alteration of volcanic ash and glass being a key 

source of Smectite (Murray, 1999; Moore and Reynolds, 1997; Hugget and Knox, 

2006; Zhang et al., 2010). 

Considerable levels of isomorphic substitution can occur within Montmorillonites 

and as a consequence this species has a high CEC value. This high CEC, 

accompanied by the large surface area and high charge, results in high water 

absorption capability, allowing polar molecule access to the interlayers, leading to 

the expansion of the structure (Moore and Reynolds, 1997; Murray, 1999).  
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Figure 2.13 A) SEM Image of Montmorillonite (Mineralogical society, 2014), B) Structure of a 

Montmorillonite layer (USGS, 2013). 

Table 2.9: Characteristics of Montmorillonite adapted from (Murray, 1997; Grabowski et al., 2011) 

Characteristic Smectite - Montmorillonite 

Layer type 2:1 

Particle size Small 

CEC (Meq/100g) 80-150 

Water absorption capability High - Expansive 

Plasticity High 

Erodibility in soils High 

Erodibility in sediment low SAR Low 

Erodibility in Sediment High SAR High 

Viscosity  High 

Surface area Very High 

A B 
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2.12 The clay mineralogy of estuarine sediments  

Contrasts in clay mineralogy in estuaries arise for a number of reasons, but are 

largely a function of the mineralogical composition of the parent rocks in the 

source geological catchment; however, in-situ transformation and neo-formation 

have also been suggested to occur (Millot, 1970; Eberl, 1984; Jones and 

Sellwood; 1988; Moore and Reynolds; 1997). Variations in clay mineral suites can 

also take place when sediment delivered to the estuary originates from multiple 

sources. Terrestrial input of sediments from fluvial systems can intersect multiple 

geological catchments and can therefore transport a wide variety of clay species 

(Milot, 1970; Rao and Rao, 1995; Raman et al., 1995; Oyedotun, 2013). The map 

in Figure 2.14 highlights this, identifying the dominant clay minerals found in 

Southern England as a function of the lithologies in these catchments.   

 

Figure 2.14 Simplified sketch map showing grouping of soils in terms of mineralogy and calcium 

carbonate content in south-east England K=Kaolinite, M=Mica, S= Smectite, V=Vermiculite; C = 

Chlorite. Bold type denotes major component, lighter face denotes minor comp. (Loveland, 1994) 

Clay minerals from offshore sources are equally as important, governed by 

complex sediment transport pathways, these clay minerals can originate from a 

variety of geological sources, exemplified in Figure 2.15.  
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Figure 2.15 Generalised geological map of South West England and the Adjacent English Channel 

(West, 2012) 

The sources of clay mineral species are discussed in Allen’s study (1991) on the 

fine sediments of the Severn Estuary.  The study identifies that although the 

Severn estuary is a flood dominated system the finer sediment fraction is primarily 

derived from fluvial sources that span an array of geological catchments (Figure 

2.16).  

 

Figure 2.16 Major sources of clay minerals to the Severn Estuary and Bristol Channel (Allen, 1991) 

Investigations into differing clay mineral species within estuaries provide numerous 

examples, with many studies using them as a tool to determine sediment transport 
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pathways and provenance (Table 2.10) (Edzwald and O'Melia, 1974;  Sawhney 

and Frink, 1978; Al-Mussawy and Basi, 1993; Algan et al., 1994; Fernández 

Caliani et al., 1997; Allen, 2000, Brockamp and Zuther, 2004; Souza-Júnior et al., 

2008; Ferreira et al., 2010). 

Table 2.10 Examples of clay mineralogy studies within estuaries and surrounding catchments 

 

2.12.1 Internal spatial and temporal variations in clay mineralogy of estuaries  

Variations in the abundance and species of clay minerals can be observed within 

single estuarine sites, in both a spatial and temporal context. Numerous proposals 

have been made for the driving mechanisms of these internal variations, yet due to 

Study Location  Clay mineralogy  Author  

 

Altamaha, Ogeechee and 

Satilla Estuaries, Georgia, 

US 

 

Montmorrilonite from offshore 

sources , kaolinite and mixed layer 

clays, possible terrestrial origin  

 

Windom et al., 1971; Pinet 

and Morgan, 1979 

 

Thames Estuary, UK 

Clyde and Forth Estuaries, 

UK 

Mersey Estuary, UK 

 

Rich in montmorrilonite  

Rich in kaolinite 

Rich in illite and chlorite  

 

 

Biddle and Mills, 1972 

 

London and Hampshire 

basins, UK 

 

Dominated by illite and smecitite, 

West Hampshire characterised by 

kaolinite  

 

Gilkes, 1968; Hugget and 

Knox, 2006  

 

Fluvio-estuarine zone Of 

Loire River, France 

 

Kaolinite dominant in middle zone 

of Loire 

Highlight seasonal variations in 

abundance of individual species 

 

Manickam et al., 1985  

 

Gangoli Estuary, west coast 

India 

 

Smectite primarily derived from 

Deccan traps. Relative abundance 

of clay minerals in sediments: 

 Smectite 46-59%  

 Kaolinite-chlorite 32-39% 

 Illite 6-15%   
 

 

Pandarinath and Narayana, 

1992  
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the dynamic nature of these systems it has proved difficult to achieve a general 

consensus (Edzwald and O'meilia, 1974; Patchineelam and Baptista Neto, 2007).   

Irregular distributions of clay species were observed within the Khor Al-Zubair 

Estuary, Iraq by Al-Mussawy and Basi (1993). Montmorillonite was found to 

increase towards the Arabian Gulf with a fluvial influence proposed, whereas 

kaolinite and chlorite were found to increase landward derived from aeolian 

sources. This study emphasises the importance of the role of multiple sediment 

sources as an explanation for spatial distributions of these mineral suites.  

The effects of differential flocculation have also been proposed as a governing 

factor in clay mineral distributions (Edzwald and O’Meila, 1975; Fernandez Caliani 

et al., 1997). A combination of laboratory and field based experiments conducted 

by Edzwald and O’Meilia (1975) attempts to argue salinity as the driving 

mechanism for clay mineral distributions in the Pamlico Estuary, North Carolina 

(U.S). The basis of their investigation relies on the varying particle aggregation 

rates of individual clay species under increasing salinity values. They suggest that 

increasing illite concentrations towards the mouth of the estuary are a reflection of 

the higher stability of this species under increased salinity. The overall conclusion 

of this study argues that the distribution of clay minerals can be explained by the 

relative stability of their species under increasing salinity. However, counter 

arguments to this proposal maintain that more uniform clay mineral distribution 

would be apparent within estuaries, in line with changing salinity values, if this 

were the governing process. (Algan et al., 1994; Patchineelam and Baptista Neto, 

2007).  

Other studies suggest estuarine mixing processes as an alternative explanation for 

the distribution of clay minerals (Feuillet and Fleischer, 1980; Kumar and Rao, 

1987; Algan et al., 1994; Patchineelam and Baptista Neto, 2007). A study by Algan 

et al, (1994) mapped the clay mineral distribution within the Solent estuaries in 

Southern England. They identified considerable spatial variations in clay species 

and concluded that estuarine mixing processes are the dominant distribution 

mechanism. This study was also able to distinguish between marine and riverine 

clay mineral suites, identifying higher smectite clay concentrations as being 



 

53 

 

derived from the chalk lithology in the area; a phenomena also highlighted in other 

studies (Sawhney and Frank, 1978; Kumar and Rao, 1987; Velde et al., 2003; 

Patchineelam and Baptista Neto, 2007; Souza-Junior et al., 2008).  

Anthropogenic affects have also been proposed as influencing the distribution of 

clay mineral species. A study by Brockamp and Zuther (2004) discuss substantial 

temporal changes in the mineralogy of bottom sediments in the former Harle Bay, 

Lower Saxony, Germany. The study suggests significant decreases in smectite 

concentration were primarily a result of sea level rise and dike construction in the 

area. Consequent modifications of the hydrodynamics and sub marine morphology 

were believed to cause smectite to remain in suspension longer due to its smaller 

particle size.   

Clay transformation in estuarine sediments has received very little attention and it 

has been suggested that due to the extreme geochemical environment of these 

areas, very rapid transformations of clay species can occur. Clay mineral 

transformations were identified in a study of the Delaware saltmarshes by Velde 

and Church (1999).  It was suggested that oscillations in pH and redox conditions 

were likely to be responsible for the accelerated change in clay minerals found in 

the sites. Evidence from high marsh cores in this study noted illite and chlorite 

concentrations abruptly changed at the redox boundary, after which illite-smectite 

mixed layer minerals became the dominant species. Radiometric dating of the 

samples aged the redox boundary at ~ 20 years, indicating the change in 

mineralogy occurred in a short timescale, possibly as little as three years. Similar 

evidence of smectite formation due to transformation of clay minerals was also 

noted by Ferreira et al. (2010) in a Brazilian estuarine environment.  

The influence of redox conditions on clay transformation is further supported by 

studies of French natural polders on the Atlantic coast (Mathe et al., 2007). 

Compositional changes in clay mineral assemblages were evident in marshland 

soils and were attributed to oxidation processes, with changes found to 

correspond with the redox boundary. They suggest that in natural conditions these 

transformations occur on timescales greater than 1000 years, however 

anthropogenic influences were causing these changes to occur in decades. These 
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influences, such as artificial drainage, were considered as accelerating the 

oxidation processes in the soil and as a consequence rapid clay transformations.   

A combination of transformation and differential flocculation has also been 

suggested in studies of the Godvari, Krishna and Cauveri estuaries in India in an 

attempt to explain the variations of clay mineral assemblages (Seralathan and 

Swamy, 1982). This proposal has however been strongly contested by Kumar and 

Rao (1987) who argue there is a lack of convincing evidence.  A key area they 

challenge is the suggestion that an irreversible transformation of smectite to illite 

occurring solely due to the transition from fluvial to marine conditions is unlikely.  

They conclude that estuarine mixing is the key process responsible for the 

observed lateral variations and not clay transformation.    

2.13 Clay mineralogy and erosion   

The relationship between sediment stability and the differing clay mineral groups 

has been discussed by numerous authors. The existence of differing erosion 

thresholds between the main clay groups is often inferred, yet examples appear to 

be constrained to limited terrestrial studies in areas such as agriculture and slope 

stability (Grissinger, 1966; Panagiotopoulos et al., 1997; Yimalz et al., 2005; 

Morgan, 2005; Grabowski et al., 2011).  

Evidence of variations in the stability of the clays groups generally identifies the 

expandable clays, such as smectite and vermiculite, as being the most susceptible 

to erosion. The expansive nature and higher cation exchange capacities of these 

clays are considered as the main factors dictating their lower stability (Igwe et al., 

1999; Yimalz et al., 2005; Grabowski et al., 2011). Kaolinite and chlorite clays, 

however, are suggested as having a higher resistance to erosion, due to their 

structure and non-expansive nature, whereas illites are considered as an 

intermediate (Crooks and Pye, 2000; Lado and Ben-Hur, 2004; Morgan, 2005).   

Due to limited estuarine studies into the influence of clay mineralogy, terrestrial 

analogues can be a useful basis in attempting to understand the effects of differing 

clay mineral assemblages in regards to erosion. The influence on erosion of the 

expandable clays is one such area that has received investigation in terrestrial 

studies. 
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2.13.1 Erosion  

In the soil sciences clay mineralogy is known to be a governing factor in controlling 

soil stability. The ability of clay to disperse is one of the key controls on soil 

aggregate stability, with smectite soils often considered to be the most dispersive 

and less stable (Reichert and Norton, 1994; Wakindi and Ben-Hur, 2002; Lado and 

Ben-Hur, 2004; Yimalz et al., 2005). One terrestrial study considered the effects of 

the chemical and mineralogical properties of Nigerian soils, in relation to 

aggregate stability. This study highlighted the considerable swelling and dispersal 

capacities of Montmorillonite clays on contact with water and suggested that the 

resulting cycles of swelling and shrinking of these clays contribute to their 

instability. They infer that even small quantities of expansive clays can lead to 

structural instability within soils (Igwe et al., 1999). 

A further laboratory based study, using samples from Israel, South Africa and 

Kenya, highlighted similar findings when investigating the effects of mineralogy on 

soil losses (Lado and Ben-Hur, 2004). Monitoring effects of simulated rainfall, they 

found soil samples containing Montmorillonite soils to be the most dispersive, 

concluding that the higher dispersive nature of smectite led to a lesser aggregate 

stability than that of kaolinite and illite bearing soils (Figure 2.17).  

 

Figure 2.17 Photos of crust surface of kaolinitic soil and smectite (Montmorillonite) soil after 

simulated rainfall (Wakindiki and Ben-Hur, 2002) 



 

56 

 

2.13.2 Bedrock erosion 

The implications of smectite are further discussed in a study on mudstones in Bad 

land hill slope processes in Canada and Italy (Kasanin-Grubin, 2013). This study 

noted that the influence of clay mineralogy is often neglected and that smectite 

composition of the lithologies in these environments can be useful in predicting 

erosional process. The investigation consisted of two years of field observations 

and further controlled laboratory studies, focusing on both smectite rich and poor 

lithologies. The study identified differing weathering profiles of the two lithologies, 

noting that over a drier winter period the smectite rich mud rocks developed what 

they term a “popcorn texture” (Figure 2.18).  Following a wetter winter period the 

same lithology was found to have thinner, denser surface layers and developed 

wide desiccation like cracks (Figure 2.18). Consecutive laboratory studies 

provided an insight into the effects of precipitation on the two differing lithologies 

(Kasanin-Grubin, 2013). Cycles of simulated rain on the samples identified 

swelling of smectite rich samples followed by the subsequent formation of popcorn 

texture on drying. The repeated wetting and drying cycles produced flatter denser 

crusts, with wider and deeper desiccation cracks, which they suggest can 

potentially lead to the development of channel like structures. The smectite rich 

samples that were subjected to longer periods of precipitation were also found to 

become more dispersive and unstable under these conditions. The study 

reinforced that the main clay groups do in fact respond differently to weathering 

processes and rain.   

 

Figure 2.18 Photos of popcorn surface in 2001 (Left) same surface crust 2003 (Kasanin-Grubin, 

2013) 
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2.13.3 The influence of clay mineralogy on erosion of estuarine sediments 

Estuarine investigations into sediment stability have generally only considered the 

clay fraction as a whole, neglecting the influence that the different assemblages 

may have on the erodibility of the material. The study by Crooks and Pye (2000) 

(2.10.5) is one of the only investigations that considers the implications of differing 

clay mineralogies. They concluded the lower erosion threshold of the Essex 

marshes were largely due to the influence of pore fluid chemistry and high levels 

of smectite clays. A significant relationship between smectite clays and SAR 

values is known to exist and is suggested as having important implications on the 

stability of these clays. Higher values of SAR lead to increased water content, 

which ultimately results in increased swelling of the smectite clays, consequently 

lowering their stability (Morgan, 2005).  

2.14 Summary  

In order to further understand the governing forces of estuarine sediment stability it 

is essential that we consider the interactions and influences that each individual 

property potentially exerts and their importance in temporal and spatial aspects of 

erosion. The intricacy and number of the sediment properties in these 

environments has however made this challenging in understanding erosion. The 

contrasts in sediment properties between estuaries further complicates this and 

highlights the importance of considering each study location on an individual basis. 

Clay mineralogy is one such sediment property that requires further investigation 

to ascertain the degree of influence on intertidal cohesive sediment stability. 

Studies demonstrate the significant impact they have on erosion, particularly 

smectite clays, in the terrestrial environment (2.13). Due to our limited 

understanding, the influence of these differing mineral assemblages within the 

estuarine environment remains somewhat vague. It has been proposed that when 

considering shear strength in marine sediments, clay mineral type should be a key 

consideration, although whether this influence exists in the intertidal sediments of 

estuaries remains to be seen (Panagiotopoulos et al., 1997). Furthermore, a 

leading researcher (Allen, 2000) in estuarine sedimentation previously proposed 

that differing clay mineralogies may be a fundamental factor in estuarine sediment 

stability.  Allen (2000) states that differences in clay mineralogy may be the reason 
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why saltmarshes in South-East England appear to be more susceptible to erosion 

than their counterparts, largely due to their higher abundance of Montmorillonite.   

Two key facts that are well documented are that; estuaries can display differences 

in spatial distribution of clay minerals in sediments, and that clay mineralogy does 

in turn affect the erosion thresholds of terrestrial sediments (Edzwald and O'Meila., 

1974; Sawhney and Frink, 1978; Kumar and Rao, 1987; Algan et al., 1994; 

Patchineelam and Baptista Neto, 2007; Souza-Junior et al., 2008; Grabowski et 

al., 2011). Despite this there has been little consideration of these two concepts in 

assessing their combined significance on intertidal sediment erosion. 

Our knowledge of the physical and biological properties of estuarine sediments is 

vastly improving yet the influence of geochemical properties, such as clay 

mineralogy, remains largely overlooked. It is vital to gain a holistic understanding 

of the sediment properties in order to fully comprehend the mechanisms driving 

erosion of intertidal areas within estuaries. Investigations into the influence of clay 

mineralogy on sediment stability is a pivotal step towards achieving this and could 

potentially be a fundamental factor in why some locations are more susceptible to 

erosion than others. Greater awareness of the influence of clay mineralogy could 

be beneficial in future coastal management and may assist in predicting an 

estuaries ability to evolve in a rapidly changing environment. 
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3 Chapter 3 Methods and site descriptions 

This chapter provides the outline and underpinning of the chosen research 

methods to address the overall research aim set out in Chapter 1 and introduces 

the field study sites.  

3.1 Measuring the shear strength of estuarine sediments  

A key measure of erosion of cohesive sediment is the shear strength of the 

sediment bed (2.9). There is no certified standard method to obtain shear strength 

measurement of sediments with a variety of laboratory and in-situ based 

approaches currently practiced in studies (Watts et al., 2003; Tolhurst et al., 2006b; 

Grabowski et al., 2011). The researcher is required to give consideration to 

whether they employ a laboratory based procedure or opt for measuring shear 

strength in the natural environment with advantages and disadvantages in both 

approaches.  

3.1.1 In-situ vs laboratory measurements 

Historically, laboratory based methods were essential for obtaining measurements 

of shear strength of sediments. However, recent developments in the field of in-

situ devices have led to the availability of a number of portable devices; some of 

which are able to exert considerable shear stresses directly on to the sediment 

bed (Watts et al., 2003; Vardy et al., 2007; Grabowski et al., 2010). 

In-situ measurements limit potential disturbance of the sediment, such as changes 

in water content and compaction that can occur during sample acquisition and 

transportation for laboratory studies. Such disturbances can have implications on 

the stability of the sample and may result in measurements that are not a true 

reflection of those of the natural environment (Tolhurst et al., 2000 a, De Deckere 

et al., 2001). Modifications of shear strength can also be induced by biological 

responses to disturbance, with possible increased EPS production to prevent 

desiccation and behavioural changes of macro fauna hypothesised by Tolhurst et 

al. (2000 a). 

A comparative study of laboratory and in-situ analysis techniques by Tolhurst et 

al., (2000 a) identified distinct visible alterations of transported sediment cores, with 

evidence of a degree of drying and a consequent increased stability. They 

 



 

60 

 

conclude that if laboratory analysis of sediment shear strength is to be undertaken 

then sample transportation must be kept to a minimum and measurements carried 

out within a few hours of initial acquisition. In-situ measurements are therefore 

generally considered as a preferential method, however laboratory studies can 

prove useful in isolating and identifying the influence of individual properties of the 

sediment and their influence on erosion.  

3.1.2 In-situ shear strength measurement devices  

A key challenge for researchers has been to establish an in-situ erosion method 

that can replicate shear stresses similar to those of tidal flow and wave action 

(Tolhurst et al., 2006b). Various in-situ erosion devices exist that attempt to mimic 

these forces but are yet to achieve a realistic simulation of the hydrodynamics in 

these environments, with those that can generally restricted to laboratory flume 

systems (Tolhurst et al ., 2006 a). 

There are currently a number of in-situ devices capable of measuring the shear 

strength of estuarine sediments (Table 3.1); however each employ different 

methods to initiate erosion. This variation in methods makes any forms of 

comparative studies between different devices extremely challenging, if possible at 

all. The key differences between devices are generally related to the delivery of 

the shearing fluid, methods of calibration and the area of the test chamber 

component of the device, often referred to as the footprint (Tolhurst et al., 2006b; 

Widdows et al., 2007). Flume devices generally adopt a horizontal delivery of fluid 

in an attempt to replicate a similar horizontal shear stress to that of tidal flow. 

Some devices use a different strategy and apply stress to the sediment through a 

vertical jet of water, a method that has received some criticism (Table 3.1) (Vardy 

et al., 2007; Widdows et al., 2007; Tolhurst et al., 2009).  

Key in-situ erosion devices are introduced in separate studies by Widdows et al. 

(2007) and Tolhurst et al. (2000 b) where a comparative overview of the devices 

and their capability in determining erosion thresholds of estuarine sediments is 

provided (Table 3.1).  
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Table 3.1 In-situ erosion devices as used in studies by Widdows et al., 2007 and Tolhurst et al., 

2009 

Device Type  Test Area Footprint Flow  mechanism 

Annular Flume  0.17m
2 

Horizontal  

Mini Annular Flume 0.026m
2 

Horizontal 

CSM 0.0007m
2 

Vertical 

EROMES 0.0079m
2 

Vertical 

Annular Mini Flume 0.032m
2 

Horizontal 

SED ERODE Radial Flume 0.0064m
2 

Horizontal 

Microcosm Annular flume 0.067m
2 

Horizontal 

ISEF Straight Flume 0.18m
2 

Horizontal 

 

Observations made by Tolhurst et al (2000 b) identified that erosion rates appeared 

device dependant, noting a great disparity between results. Erosion thresholds 

obtained from the Cohesive Strength Meter (CSM), were found to be at least an 

order of magnitude greater than other devices in the study. They attribute the 

different measurements obtained from the devices as being a combination of test 

area foot print, increments of erosion generation and deployment times;  

reinforcing the challenges in data comparison between the methods. 

The investigation by Widdows et al. (2007) noted some agreement on erosion 

thresholds between devices of similar designs such as the flumes.  Higher erosion 

thresholds were detected by the CSM in this investigation, similar to Tolhurst et al. 

(2000 b). However, they suggest the proposal of this being a function of test 

footprint was not apparent when comparing measurements obtained from the 

flume systems. They propose the different erosion mechanisms as being a key 

factor in these differences, notably the vertical delivery of the water jet by the CSM 

and EROMES devices. In conclusion Widdows et al. (2007) suggest that vertical 

delivery devices may not be suitable for use on estuarine sediments due to their 

inability to detect significant variations in softer sediments in their study sites, 

unlike the flume devices.  

The counter argument by Tolhurst et al. (2009) expands on the issue of 

deployment times and the implications of small scale temporal and spatial 

differences in stability within estuarine sediments.  Variations in erosion thresholds 
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are known to exist on scales of centimetres and minutes and can be heavily 

influenced by both emersion time and biological stabilization (Tolhurst et al., 

2009). The effects of overlying water in the test chambers of in-situ devices can 

therefore potentially result in the alteration of sediment properties and instigate 

behavioural responses from fauna, which consequently modify the stability of the 

sediment (Tolhurst et al., 2009).  

Deployment times of flume devices can be a matter of hours, meaning the 

sediment is subject to emersion for significantly longer periods than smaller 

devices such as the CSM. Measurement accuracy of such devices may therefore 

be questionable due to not only the effects of longer emersion times on sediment 

stability, but the incorporation of smaller temporal variations in erosion thresholds 

that have been observed in other studies (Tolhurst et al., 2006a). The integration of 

small scale spatial variations is a further constraint of the larger erosion devices. 

Larger test foot print areas will cover a wider range of topographic and biological 

variations in the sediment and will consequently incorporate these resulting small 

scale spatial variations in thresholds into a single, less accurate measurement. 

Tolhurst et al.’s (2006 b) study of temporal and spatial variations in properties of 

estuarine sediments noted that the use of even a 5cm diameter device in place of 

the CSM in their investigation would have resulted in a significant underestimation 

of erosion thresholds. The smaller foot print of in-situ erosion devices, such as the 

CSM, can therefore provide a more accurate reflection of the wider range of 

erosion thresholds in the natural environment. 

3.1.3 The Cohesive Strength Meter (CSM) 

The portable nature and rapid deployment times of the CSM has led to its 

increasing presence in a number of estuarine cohesive sediment studies (Figure 

3.1), (Tolhurst et al., 2000a; Paterson et al., 2000; De Deckere et al., 2001; Defew 

et al., 2002, Watts et al., 2003; Vardy et al., 2007; Grabowski et al., 2010). The 

small foot print area of the device has made it possible to obtain measurements of 

erosion thresholds in areas such as vegetated saltmarsh systems that were 

previously inaccessible to larger erosion devices (Vardy et al., 2007).  
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Figure 3.1 Cohesive strength meter (CSM) 

The device operates by firing a series of vertical pulse driven jets of water in 

increasing pressure increments, which are capable of generating sufficient stress 

to initiate erosion of the underlying sediment (Tolhurst et al., 1999; Paterson et al., 

2000). The CSM is configured to run over 40 different automated test settings, 

each varying in pressure increments, data logging times and maximum pressures. 

The users test selection is based upon the type of sediment that is to be tested, 

with a number of mud and sand settings reaching as high as 60 PSI, an equivalent 

horizontal shear stress of over 18Nm2. The test duration is dependent on the 

nature of the sediment being sampled and the running times of the test selected, 

but are generally very rapid, lasting anywhere between approximately 5 and 30 

minutes.  

Initial set up of the device requires the internal water cell to be filled with local 

filtered sea water and the system pressurised by the connected air canister.  The 

test chamber is then placed flush on to the sediment surface and filled with filtered 

sea water. On test initiation the water from the internal cell is pulsed into the test 

chamber (Figure 3.2) in a series of rising pressure increments which are dictated 

by the selected test setting. 

Test 

Chamber 
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Figure 3.2 CSM test chamber design and visualisation of fluid entering test chamber (Tolhurst et 

al., 1999). 

During testing the optical sensors inside the chamber monitor the turbidity of the 

water via the transmission of an infrared beam approximately one centimetre 

above the sediment/water interface (Figure 3.2). Any increase in turbidity in the 

water inside the chamber results in the attenuation of the infrared beam caused by 

an increase in fine suspended sediment and infers that erosion of the sediment is 

occurring.  

A drop in the transmission value of 10% is the point at which erosion is considered 

to be occurring and is equivalent to erosion of approx. 0.01kg m2 of cohesive 

sediment (Tolhurst et al., 2008 b). A typical erosion profile generated by the CSM 

can be split into three stages (Figure 3.3);  

 An initial horizontal profile, no erosion occurring (Point A, Figure 3.3).  

 A significant decline in the transmission levels indicating re-entrainment of 

surface bed sediment into the water column and erosion (Point B, Figure 

3.3). 

 Transmission values approaching zero at increased pressures due to the 

high levels of erosion and consequent turbidity in the chamber (Point C, 

Figure 3.3). 

. 
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Figure 3.3 Example CSM generated erosion profile (Tolhurst et al., 1999) 

This use of turbidity as a measure may however potentially underestimate the true 

nature of erosion in the chamber. The entrainment of larger aggregates of the 

sediment into the water column may have a lesser effect on attenuation of the 

infra-red beam and hence turbidity, highlighting a possible limitation of the device 

The quick deployment time and compact test footprint of the CSM makes the 

device one of the most efficient erosion devices, capable of identifying small scale 

temporal and spatial variations in erosion thresholds that were previously 

unobtainable. The key criticism of the device is the use of a vertical jet; however, 

calibrations have since been established to convert the CSM’s measurements into 

an equivalent horizontal shear stress and stagnation pressure.  

3.1.4 CSM calibration  

It has been suggested that the critical erosion stress applied by the CSM is not 

representative of the stresses exerted by hydrodynamic forcing in the natural 

environment, largely due to the vertical nature of the eroding fluid (Widdows et al., 

2007). Alternative arguments propose that in fact the vertical delivery of water in 

the CSM to the sediment may actually be more representative of the natural 

oscillatory forces instigating erosion such as wave and mixing pressures (Tolhurst 

et al., 2009).  
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The first calibration technique for the CSM was established by Tolhurst et al. 

(1999) to convert the force of the vertical jet into an equivalent horizontal shear 

stress. This, however, has since been superseded by Vardy et al. (2007), who 

suggest that the theory behind Tolhurst et al.’s (1999) initial calibration was 

questionable. Vardy et al.’s (2007) calibration (Equation 3.1) allows the conversion 

of the erosional force of the jet into a measure of the impinging force of the bed 

required to cancel the energy of the jet, known as stagnation pressure (Pstag).     

𝑆𝑡𝑎𝑔𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝𝑎) =  
𝜌𝑤(7.0)24𝑄2

2𝑑2(𝑧 − 𝑧0)2𝜋
 𝑓𝑜𝑟 𝑧 > 𝑧0 

ρw – Density of the fluid (kg m-3) 

Q – Volume of the flux/jet fired (m3 s-1) 

d – Orifice diameter (m) 

z – Vertical distance of the bed from the source of the jet (m) 

Equation 3.1 Vardy et al’s (2007) CSM calibration equation to convert erosional force of jet fired 

into stagnation pressure (Pa) 

As all the values in the equation (Equation 3.1) are constant, with the exception of 

Q, the equation can be further simplified (Equation 3.2). 

P =7.79859x1013 (0.000001 x Qg)2 

Equation 3.2 Simplified callibration equation 

The calibration method requires the calculation of the weight of water (g) released 

into the chamber at each jet firing stage throughout an entire test setting (n=5).  

Once the water weights are recorded for each jet pressure increment these values 

can then be directly input into Equation 3.2 to calculate the stagnation pressure 

(Pa). This calibration method by Vardy et al. (2007) allows for data comparisons 

between CSM devices which were previously unachievable as well as accounting 

for any slight discrepancies between devices such as jet firing times. 
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3.2 Field study methods 

3.2.1 In-situ CSM derived erosion threshold measurements  

In-situ measurements of the erosion thresholds of sediments were obtained using 

the CSM at each study location (Chapter 4 and 5). The CSM test setting MUD1 

was selected for all tests due to having the smallest jet firing pressure increments 

(0.3 psi) and shortest jet firing times (0.3 seconds). The use of this test setting 

made it possible to identify the more subtle variations in sediment stability and 

obtain a more accurate measure of erosion thresholds. Marine water was used in 

place of local water at every location to factor out any influence on stability of 

variations in salinity that may exist between each location. 

In order to ascertain the extent of spatial variations within each location, replicate 

CSM measurement (n=5) of both mudflat and saltmarsh sediments were 

conducted at each site. The test sites were selected at random, however, areas of 

visible biological influence, such as algal matting and biofilms, were avoided due 

to their influence on sediment stability. Stabilisation of the test chamber was 

required, particularly in the softer sediments of the mudflats; this was achieved by 

using a clamp stand fitted to the bottom of the chamber. 

3.2.2 Sediment Accretion/Erosion Monitoring 

A number of methods exist to monitor sediment accretion levels within estuaries, 

with technology such as ALTUS systems and Sediment Elevation Tables (SET) 

which can provide continual monitoring of surface elevation of sediments to a high 

precision (Spencer et al., 2012; NKE Instrumentation 2014). Although these 

method can offer more precise measurements, due to cost implications spatial 

coverage of monitoring can be limited. Methods such as buried sediment plates, 

sediment pins and clay marker horizons can offer a cheap alternative method of 

monitoring sediment accretion and erosion (US Army Corps, 2002). These 

techniques can be employed over larger areas in a cost effective manner, however 

these methods have a number of limitations, including the requirement of manual 

measurements and data restricted to times of site visits. Even with such limitations 

these cheaper alternatives can provide a useful data set of trends in sediment 

accretion and erosion for the researcher.  
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Sediment accretion in the study sites was monitored using sediment pins made of 

natural bamboo cane. Five pins were inserted in both mudflat and saltmarsh 

environments at each study site (Chapters 4 and 5) and initial heights recorded. 

Measurements were then obtained on an annual basis for sites in Chapter 4 and 

on a monthly basis for sites in Chichester Harbour (Chapter 5)  

Sediment pins were also employed to measure lateral marsh erosion at the 

Nutbourne site (Figure 3.10 A) in Chichester Harbour. Three sediment pins were 

inserted into areas of eroding saltmarsh cliffs at the convergence zone with the 

mudflats and monthly measurements were recorded (Figure 3.4) 

 

 

 

 

 

 

Figure 3.4 Sediment pins to measure lateral erosion of marsh cliffs, Nutbourne Channel Chichester 

Sediment pins can be subject to a number of issues in the mudflat and marsh 

environments which can potentially be problematic for accurate elevation 

monitoring. Water scour can create small pool like features at the base of the 

sediment pins, if such scouring occurred measurements were made in line with the 

surrounding bed elevation. Vegetation, such, as seaweed can also inhibit 

measurements as it can easily become entangled around the pins and cause a 

drag effect causing pins to lean, however on most occasions this can easily be 

removed with minimal disturbance to the surrounding sediment (Figure 3.5).   

Lateral sediment 

pin 
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Figure 3.5 Effects of vegetation on sediment pins in West Itchenor, Chichester Harbour. 

3.3 Laboratory methods  

Surface sediment samples (n=5) were obtained from each visit to study sites to 

return for laboratory analysis of physical properties and clay mineralogy.  

3.3.1 Sediment properties  

Key sediment properties were analysed in order to identify any potential 

relationships with sediment stability in each of the study locations.  

3.3.1.1 Bulk density  

Wet bulk density is a key sediment property and is determined by observing the 

ratio between the wet mass of the sediment sample and the given volume. The 

British Standards (1377-2:1990) method is the most commonly used method for 

determination of wet bulk density (Equation 3.3), where ms is the mass of the wet 

sample and vs the given volume.  

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑚s

𝑣𝑠
 

Equation 3.3 Wet bulk density calculation (British Standard Institute, 1990) 

Wet bulk density measurements of the sediments from each site were calculated 

directly in the field, to minimise loss of moisture content, using the British 

Standards method (1377-2:1990). Small cylindrical copper tubes of known volume 

(n=5) were inserted into the sediment by hand with care taken not to cause 

compaction. The sediment filled cores were then weighed immediately on site and 

wet bulk density calculated from the recorded mass and volume. Samples were 

then returned to the laboratory for oven drying to remove water content and dry 

bulk density calculated using the formula in Equation 3.3 

Vegetation dragging 

sediment pin  



 

70 

 

3.3.1.2 Moisture content  

Separate sediment samples (n=5) were obtained to calculate moisture content of 

both mudflat and marsh sediments for each site (Chapter 4 and 5). The British 

Standard (1377-2:1990) is the most widely used method to determine moisture 

content of soils and sediments (Equation 3.4), where m1 is the mass of the 

container, m2 is the mass of the container and wet sample and m3 is the mass of 

the container and dry sample.   

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = (
𝑚2 − 𝑚3

𝑚3 − 𝑚1
) 𝑥100(%) 

Equation 3.4 Moisture content calculation (British Standard, 1990) 

Moisture content of the sediment samples were obtained using the methods of 

British Standard (1377-2:1990). Sediment samples were placed into beakers and 

weights of each recorded. Samples were then placed in an oven at 105oC for a 

period of 48 hours due to high water contents. Samples, on drying, were 

reweighed and moisture content calculated using the formula in equation 3.4.  

3.3.1.3 Porosity 

Porosity, the ratio between the volume of the sediment not occupied by solid 

material and the overall volume, was calculated using the method described by 

Rowell (1990) (Equation 3.5). Dry bulk density values were determined using  

equation 3.2 and a particle density of 2.65 g cm-3, was assumed as this value is 

representative of Quartz and is assumed to represent the average of the mineral 

components of soils and sediments (Rowell, 1990).   

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 1 − (
𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
) 

Equation 3.5 Porosity calculation (Rowell, 1990) 

3.3.1.4 Organic content 

Two key methods of determination of organic matter content in sediments are 

widely used, the Loss on Ignition (LOI) method and the Walkley and Black 

Dichromate method. The LOI method is generally considered the more precise 

estimation of organic content, particularly when higher concentrations of organic 

material is present (Stoffella et al., 2001; Beaudoin, 2013; Agvise, 2017). There 

are still limitations to the LOI method with chemical reactions and volatilisation of 



 

71 

 

inorganic compounds and the loss of chemically bound water included in the LOI 

value (British Standard, 1990).  

Organic content of the sediment samples was calculated using the British 

Standard (BS1377-3:1990) Loss on Ignition method. This method relies on the 

destruction of the organic content of the sample at high temperatures. One gram 

sediment samples from each site (n=5) of oven dried sediment was placed inside 

a sample container and placed into a muffle furnace at a temperature of 550oc for 

a period of four hours. On removal samples were reweighed and organic content 

determined using the formula in Equation 3.6, where ma is the mass of the 

container, mc is the mass of the container and the dried sediment and md is the 

mass of the container and the ignited sediment.  

𝐿𝑜𝑠𝑠 𝑜𝑛 𝑖𝑔𝑛𝑖𝑡𝑜𝑛 (𝐿𝑂𝐼) =  
𝑚𝑐 − 𝑚𝑑

𝑚𝑐 − 𝑚𝑎
 𝑥 100 

Equation 3.6 Loss on ignition calculation (British Standard, 1990). 

3.3.1.5 Particle size 

Particle size analysis gives an insight in to the characteristics of the sediment 

grains allowing categorisation into clay, silt and sand fractions, which can have an 

important bearing on erosion thresholds. Particle size analysis was conducted 

using a Malvern Mastersizer 2000 laser diffraction particle size analyser due to its 

production of rapid results and level of accuracy. The method determines particle 

size fractions by passing a laser through a dispersed sediment sample; particle 

size is then calculated by measuring the intensity of light scatter (Malvern, 2014).   

Sediment samples were sieved through a 2 mm sieve to obtain approximately five 

grams of sample. The presence of organic material in the samples can act to bind 

mineral grains in the sediment and prevent clear dispersion. Hydrogen peroxide 

pre-treatments were employed for the removal of the organic component of the 

sediment (Rowell, 1994). One gram of each sediment sample was placed into a 

500 ml beaker and 30ml of hydrogen peroxide (30%) added. The sample beakers 

where then placed onto a hotplate at 105oC and left to allow the hydrogen 

peroxide to boil off, destroying organic matter within the samples (Rowell, 1990). 

Samples were then dispersed using sodium hexametaphosphate and placed into 

the laser particle size analyser.  
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Absolute particle size, the median grain size (D50), clay concentration (% vol) and 

the combined clay and silt fraction (% vol) (hereafter referred to as mud 

concentration) were recorded.  

3.4 Determination of clay mineralogy - X-ray diffraction (XRD) 

The clay mineral suites of the sediment samples were identified by means of X-ray 

diffraction (XRD).  This method is a non-destructive analytical technique which can 

identify the mineralogical composition of a material based on its unique atomic 

arrangement within its crystal structure. This is fundamentally determined by the 

angles of diffraction of the X-ray beams that have been projected on to the sample 

(Moore and Reynolds, 1997; Baize, 1998; British Standard, 2003; Pananalytical, 

2014).  

Samples were processed using an X’Pert Pro MPD X-Ray diffractometer system, 

which uses Ni filtered Cu-Kα radiation to determine the crystal structure of the 

samples. The accelerating beam current was set at 40 kV and 40 mA and the scan 

settings detailed in Table 3.2 were used for XRD sample analysis. 

Table 3.2: XRD scan properties for determination of clay mineralogy of samples 

Scan properties  

Start Angle 
o 

5.001 
End Angle 

o 
70.00 

Step Size 
o 

0.0083556 
Time per step (s) 10.160 
Scan speed  (

o
/s) 0.104446 

3.4.1 XRD sample preparation 

Samples were prepared for XRD by hand milling 1-2 g of oven dried sediment into 

a powder form using a pestle mortar, after which they were back filled into the 

opening of a random deep well powder sample holder. Once prepared the 

samples were subjected to XRD analysis to identify the bulk mineralogical 

composition of the sediment. This bulk analysis of the sediments was performed to 

ensure there were no substantial differences between replicate samples obtained 

from each location before commencing more detailed analysis of the clay minerals 

present. 

Although clay mineralogy can be identified by conducting bulk XRD analysis 

factors such as corresponding diffraction peaks, interstratification and masking of 
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finer clays by larger better crystallised clays such as kaolinite can occur (Baize, 

1998). In order to mitigate these factors and accurately identify the clay minerals 

present in the samples, particle size separation and further pre-treatments are 

required (Moore and Reynolds, 1997; Baize 1998).  

3.4.2 Clay fraction separation  

Separation of the <4µm fraction of each sediment sample was achieved using a 

centrifugal method based on settling times of Stokes Law (Moore and Reynolds, 

1997). Centrifuge timings were calculated using the formula of Soukup et al. 

(2008) shown in Equation 3.7, where: 

Ƞ - viscosity of the water  

r  -  distance from the rotation axis to the top of the sediment,  

s  - distance from the rotation axis to the top of the supernatant fluid suspension 

RPM –  revolutions per minute of the centrifuge 

Dm – required particle size 

Sp – particle size density (2.65g cm3) 

Si – density of the liquid  

𝐶𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 𝑡𝑖𝑚𝑖𝑛𝑔 = 6.3𝑥108Ƞ log
10

   (
r

s
)/[(RPM)2(Dm)2(Sp − Sl)] 

Equation 3.7 Centrifuge timing (Soukup et al., 2008) 

Two g of sediment from each site was separated into four 50 ml centrifuge tubes 

which were then filled with distilled water to a height of 10 cm and were hand 

shaken to move the sediment into suspension. The samples were then placed in a 

Hettich Rotanta 460 centrifuge set at a temperature of 20oC and speed of 2000 

rpm for 2 minutes to move salt from the sediment into the supernatant fluid, which 

was then discarded.  

The centrifuge tubes were then refilled to the same height with distilled water and 

hand shaken to remove the sediment into suspension. Once in suspension 4-5 ml 

of sodium hexametaphosphate was added to each tube and lightly stirred in to 

initiate aggregate dispersal. Centrifuge tubes were then placed in an ultrasonic 

bath for 2 minutes before being placed into the centrifuge for 4.15 minutes at 750 

RPM to place the clay fraction below 4µm into suspension. The supernatant fluid, 
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containing the <4µm fraction of the sediment, was then decanted into a 1000ml 

beaker. The remaining coarser sediment in the centrifuge tubes was then 

subjected to the same process two further times to remove as much of the clay 

fraction as possible.     

The collected supernatant fluid was then poured into centrifuge tubes and placed 

in the centrifuge for a further 30 minutes at 3000 RPM to collect the <4µm fraction 

from suspension into the bottom of each tube. The collected <4µm sediment from 

each site was then placed into one centrifuge tube and 5ml of distilled water and 

1ml sodium hexametaphosphate  was stirred in to disperse the sediment and 

make a clay suspension. Approximately 3 to 4 ml of the clay suspension was 

pipetted on to four glass slides per study site and allowed to air dry for 24 hours. 

The method of Moore and Reynolds (1997) recommends drying in an oven at 

50oC, however this was found to cause significant cracking and peeling of the 

sediment film on the glass slides, leaving them unsuitable for XRD analysis. Some 

air dried samples were still susceptible to minor cracking and peeling, however the 

clay film could be trimmed with a razor blade and was still suitable to achieve clear 

diffraction patterns under XRD analysis.  

3.4.3 Ethylene glycol and heat treatments 

XRD analysis was performed on one of the glass slides samples with the three 

remaining replicates subjected to further pre-treatments using the methods of 

Moore and Reynolds (1997) and USGS (2013). These additional treatments made 

it possible to distinguish between clay minerals that may be masked or have 

corresponding diffraction peaks (Table 3.3).   

Table 3.3 Clay mineral identification (USGS, 2013) 

Clay mineral type  Air 
dried  

Ethylene glycol 330
o
C 550

 o
C 

Montmorillonite ~14Å Expands to 17Å  Collapses to 
10Å 

Collapses to  
10Å  

Chlorite ~14Å No change No change  Increased intensity 
 

Illite ~10Å No change No change No change 
 

Kaolinite     7Å No change No change Destroyed 
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The first pre-treatment required solvation of a sample using ethylene glycol. This 

treatment is particularly useful to identify smectite clays due to their adsorption of 

the ethylene glycol into the interlayer spacing of the clays structure, which causes 

a change in diffraction peak spacing during XRD analysis (Table 3.3) (Moore and 

Reynolds, 1997). The clay samples were placed on a platform inside a Pyrex dish 

containing 200ml of ethylene glycol and left at room temperature for 24 hours. 

XRD analysis was conducted within one hour of the samples removal to ensure 

that evaporation of the ethylene glycol did not occur (Moore and Reynolds, 1997).  

The remaining two samples were subjected to heat treatments, with one slide 

heated to a temperature of 300oC and the second heated to 550oC for a total of 30 

minutes in a muffle furnace. The heat treatments are particularly important in 

determining the presence of kaolinite, chlorite and vermiculite due to changes in 

intensity and diffraction spacing after heating (Table 3.3) (Bullock and Loveland, 

1974; Baize, 1998).   

During heat treatments the samples were prone to curl from the glass slide making 

it problematic to analyse using the XRD. This was rectified by placing a second 

glass slide over the sample before placing in the muffle furnace. On removal, the 

samples were analysed using the XRD within one hour to ensure any structural 

changes were not reversed due to cooling. 

3.4.4 Sample Phase Identification and Quantification 

Sample analysis of the clay specimens was conducted using the inbuilt software 

package X’Pert High Score Plus. This software allows the identification of a range 

of minerals by making comparisons of diffraction peak and intensity patterns of the 

test sample with those of the reference structures of the International Centre for 

Diffraction Data (ICDD) (Pan Analytical, 2014). The software provides a list of best 

matched candidates that the test sample is likely to contain based on the 

references patterns of the database. The user is then required to carefully analyse 

the sample to ensure that the corresponding peaks for the minerals in question are 

present. A prior understanding of the mineralogy of the sample is a clear 

advantage when using XRD. Inexperience can easily lead to misinterpretation of 

diffraction patterns and the user can potentially include minerals of similar 

diffraction patterns in their analysis, which are not in fact present in their sample.  
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Comparisons of the four replicate from each sample were made using the X’Pert 

Data Viewer software which allows a simple method of incorporating a number of 

diffraction patterns for visual analysis. The identification of the clay minerals 

present was aided using a clay mineral identification flow diagram provided by 

USGS (2013), which provides a comprehensive guide to the changes in diffraction 

patterns of the clays post solvation and heat treatments (Table 3.3).  

Quantification of the clay minerals present in the samples was conducted by 

downloading  the crystal structures of the clay minerals from the Inorganic Crystal 

Structure Database (ICSD, 2016) and analysis using Rietveld refinement process 

in the X’Pert High Score Plus software. The Rietveld refinement process compares 

the samples diffraction pattern with a calculated sum of known patterns for the 

mineral in question, it then minimises any differences between patterns allowing 

for quantification of the minerals present using this newly refined pattern (Hillier, 

2000; Pan analytical, 2014). This process does not achieve a full quantification of 

clay minerals offering more of an estimate, but is however considered a more 

accurate method than semi quantification methods using relative intensity ratios of 

the minerals. 

On completion of clay mineral phase identification and quantification, all data were 

collated and annotated to identify diffraction peaks of the individual clay minerals 

using the X’Pert Data Viewer software. 

3.5 The influence of clay mineralogy on erosion thresholds laboratory 

experiment 

The influence of clay mineralogy on sediment stability was determined by testing 

the surface strength of a series of reconstructed sediments. This enabled control 

on the relative proportions of two key clay mineral groups and their influence on 

erosion thresholds to be assessed.  

The influence of changes in ionic strength of water on sediment cohesion has also 

been suggested (2.10.5). Knowledge on whether this influence varies between the 

different clay mineral groups in estuarine settings remains limited. The 

experimental design was able to incorporate this aspect of the influence of water 
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chemistry on erosion between differing clay types in an attempt to address this 

question.  

3.5.1 Working with reconstructed sediments  

The use of reconstructed sediments in studies of sediment properties is not 

uncommon and the approach has been applied in a range of studies to investigate 

issues such as; desiccation and cracking behaviour of landfill liners, effect of bulk 

sediment properties on erosion rates and influence of sea water on compressibility 

properties of soils (Yesiller et al., 2000; Lick and Neill, 2001; Yukselen-Aksoy, 

2008).   

Reconstructed sediments are not a true reflection of sediments in-situ as during 

extraction and preparation stages significant alterations are made to the fabric and 

structure of the original sediment. These in turn can affect factors such as particle 

bonding and subsequently aspects governing stability.  Reconstructed sediments 

are therefore more reflective of the mineralogical and organic components of the 

sediment as opposed to the original material. By working with the base ingredients 

of these components of sediments it is possible to begin to isolate the various 

influences of different properties on sediment stability. Characteristics such as; 

grain size, bulk density, water content and clay mineralogy can, to a large extent, 

all become controlled in an attempt to achieve homogeneity of the property in 

question. Once achieved the influence of alterations to individual properties, such 

as clay mineralogy, can be isolated and observed.  

3.5.2 Sediment acquisition and preparation  

The sediment used for reconstruction was acquired from a mudflat environment at 

the field location at Bosham, Chichester Harbour (Figure 3.9). Approximately 26kg 

of near surface sediment was extracted and transported back to the laboratory for 

preparation. The sediment was placed into large metal trays and the water 

removed using the oven drying method (BS 1377-2:1990) at a temperature of 

105oC. Due to the high water content and large volume of material, drying times 

were extended past the recommended 24hours to 72 hours.  
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Due to the strength and large volume of material an aggregate grinder was used in 

place of hand grinding and all material passed through a 500µm sieve to ensure a 

maximum grain size of the samples.  

3.5.3 Clay mineral separation  

As the natural sediment contains its own unique clay fraction, it was necessary to 

remove this in order to proceed with determination and comparison of the 

influences of known clay mineral types. The clay fraction was removed using a 

centrifugal method to separate the silt and coarse fractions. A sample quantity of 

150 g was placed into each of four centrifuge cups and mixed into suspension with 

500 ml of distilled water. To assist dispersal of the clays 40 ml of a dispersing 

agent, sodium hexametaphosphate, was added to each cup and hand stirred for 

approximately one minute.  The cups were then placed into a Hettich Rotanta 460 

centrifuge set at a temperature of 20oC and speed of 750 rpm for 4.15 minutes. 

The centrifugal method, based on settling times derived from Stokes Law (3.4.2), 

separated the clay fraction into the supernatant fluid, whilst all coarser material 

had settled to the base of the containers. The supernatant fluid was then 

discarded and the process replicated a further four times to ensure that as much of 

the clay material was removed as possible. The yield of the silt and sand fraction 

(hereafter referred to as sediment yield) was removed from the centrifuge cups 

then placed into an oven tray and dried at a temperature of 105oC for an additional 

72 hours.  The dry weights before and after centrifuging recorded a loss in mass of 

over 20%, representative of the clay fraction that was removed. 

The aggregate grinding and sieving steps were then repeated and the sediment 

yield was stored in sealed containers to prevent any addition of moisture, until 

ready for further preparation.  

3.5.4 Sediment reconstruction  

The sediment samples were constructed using the silt and sand sediment yield 

with the addition of varying quantities of two key clay mineral types, kaolinite and 

smectite. Kaolinite and smectite were chosen based on the significant variation 

between the characteristics of these two key clay mineral groups (2.11) and their 

common occurrence in the clay mineral suites of estuarine sediments. Due to the 

distinctions in; crystal lattice structure, cation exchange capacity and water 
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absorption capabilities, it was considered the kaolin group and the smectite group 

minerals would show the greatest contrast.  

Sample containers were filled with 80 grams of sediment yield and 20 g of clay in 

varying ratios (Table 3.4), representative of the ~ 20% removal of the sediment’s 

natural clays. A volume of 65 ml of marine water was added to each sample to 

ensure a representative pore water chemistry of intertidal conditions. The samples 

were then mixed by hand and the container bases tapped on a hard surface until 

the sediment surface became that of a flat intertidal mud like consistency. 

Samples were sealed and left for a further 24 hours at ambient room temperature, 

to allow them to begin to consolidate under their weight before sediment erosion 

threshold testing commenced. After 24 hours samples were weighed to observe 

any loss in mass due to a decline in water content via evaporation, all of which 

represented a negligible loss of no greater than 1 ml.  

Table 3.4 Clay mineral concentrations in reconstructed sediments 

Group  Smectite  Kaolinite 

1 100 % 0 % 

2 75% 25% 

3 50% 50% 

4 25% 75% 

5 0% 100% 

 

3.5.5 CSM test setting selection    

Erosion thresholds of the sediment surface were measured using the CSM (3.1.3). 

The CSM test settings selected were Sand 1 and Sand 2. The Sand test settings 

have the advantage of a more rapid data logging period of 3 seconds, in contrast 

to the 30 second period of the Mud 1 test setting used in the field, enabling a 

greater number of replicate tests to be conducted (Table 3.5).    
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Table 3.5 Sand 1 & 2 test settings for the MK IV CSM  

Test  Jet 

firing 

time  

Data log for 

(seconds) 

Data log every 

(seconds) 

Test 

start 

(PSI) 

Incrementing 

by 

(PSI) 

Up to  

 

(PSI) 

Sand 1 0.3 3 0.1 0.3 0.3 12 

Sand 2  0.3 3 0.1 0.5 0.5 20 

Initial testing of the first 15 marine replicates began using the Sand 1 test but it 

became apparent that the surface erosion threshold of some samples exceeded 

the test parameters. For this reason the Sand 2 testing was incorporated into the 

experiment in order to reach a higher maximum PSI value.  The integration of this 

further test setting gave the advantage of being able to obtain a more accurate 

understanding of the maximum erosion thresholds of the samples and better 

understand any relationships with the different clay minerals types used.   

The subtle difference between the rising pressure increments between the two 

tests settings, 0.3 PSI for Sand1 and 0.5 PSI for Sand2, once converted to 

stagnation pressure becomes negligible (~16 Pstag Pa) allowing a valid comparison 

between the two different test settings.  

3.5.6 Testing the sediment surface shear strength  

A total of 360 samples were tested using the CSM to ascertain the erosion 

thresholds of the surface sediment.  Of the samples a total of 180, 30 replicates for 

each of the varying clay ratios (Table 3.4) were tested using marine water as the 

eroding fluid to ascertain any variation in surface sediment strength. Marine water 

was used in this instance in an attempt to replicate erosion under tidal and wave 

conditions.  

The remaining 180 samples were tested using local rain water and distilled water, 

15 replicates for each of the clay ratios for both water types (Table 3.4). This 

change in water chemistry (Table 3.6) was undertaken to confirm any influence on 

sediment stability due to a change in ionic composition of the water, potentially 

highlighting any chemical controls of rain water on cohesion of intertidal 

sediments. As there are temporal and spatial considerations regarding the 

chemical composition of rain water, distilled water was included to act as a further 

control. 
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Table 3.6 pH and salinity values of water used in CSM test 

 

3.5.7 Statistical analysis of samples  

Statistical analysis of the laboratory experiment CSM data was carried out using 

both Excel and Minitab. Regression analysis was the most suitable statistical 

method and was carried out to identify any relationship between CSM derived 

erosion thresholds and clay mineralogy, concentration and water chemistry. 

Sample tests that exceed the 12 PSI maximum using the Sand 1 test setting were 

omitted from the data and not included in any further statistical analysis as the final 

erosion threshold of the sample could not be determined. Outliers within the data 

have not been removed as they have been deemed legitimate observations in the 

study. 

3.6 Study locations  

The field locations in Chapter 4 (Figures 3.7, 3.8 and 3.9) were selected based on 

their differing geological catchment areas with variations in clay mineralogy in 

each site anticipated. Milford Haven in Pembrokeshire was selected due to 

possible influence of past glaciation on clay mineral assemblages present in the 

intertidal sediments. The area surrounding the Fal estuary has an extensive 

history of China Clay mining with regular discharge into the waterways of the area. 

The release of this material into the Fal estuary resulted in high levels of kaolinite 

which is incorporated into the intertidal sediments. The geological catchment of the 

Medway Estuary includes the presence of the London Clays, which are widely 

reported to contain the expandable clay mineral smectite (BGS, 2016).  

The field location in Chapter 5 at Chichester Harbour (Figure 3.10) was selected 

for longer term more frequent monitoring due to the presence of both smectite and 

kaolinite clays in the intertidal sediment at this location 

 

Water type pH TDS PSU  COND Salinity ppt 

Marine 7.63 25.3 g/l - 50.7 ms/cm 33.25 

Rain 7.02 85.6 mg/l 0.08 167.8 µs/cm 0.08 

Distilled 5.89 3.56 mg/l 0.01 6.37 µs/cm  0.013 



 

82 

 

3.7 Study Location: Milford Haven, Pembrokeshire, Wales 

 

Study Sites     

1. West Cleddau 2. East Cleddau 3. Sprinkle Pill 4.Garron Pill 5. Carew river 

 

 

Figure 3.6 A) Milford Haven study locations B) UK location C) Site details (Buck, 1997; The Estuary 
guide, 2007; Edina Digimap, 2016) 

C  

JNCC ID 15 
Grid reference SM945035 
Geomorphological 
classification 

Ria 

Tidal classification Macro tidal 
Tidal range (m) 6.3 
Shoreline length (km) 170.7 
Channel length (km) 35.4 
Core area (Ha) 5447.5 
Intertidal area (Ha) 1710 
Saltmarsh (Ha) 385 

  

A 

B 
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3.7.1 General location information 

The Milford Haven Estuary (Figure 3.6) is one of the largest Ria type estuaries in 

the UK, covering 55Km2 of which over 30% is classified as intertidal areas. It is 

one of the deepest natural harbours in the world and has an extensive history as a 

busy shipping port (CEFAS, 2012). In the eastern reaches of Milford Haven, four 

key rivers, the East and West Cleddau, the Carew and Creswell, all merge to form 

the upper tidal river Daugleddau estuary. The area is comprised of the main river 

channel and includes a number of smaller inlets before separating in the northern 

reaches into the East and West Cleddau rivers (Pembrokeshire Coast 2013).  

Milford Haven is part of the third largest Special Area of Conservation (SAC) in the 

UK, the Pembrokeshire Marine SAC, with several areas within the estuary 

designated as Sites of Special Scientific Interest (SSSI).  

3.7.2 Geological setting  

The local geology of the Milford Haven is a complex network of varying lithologies 

across the location. Table 3.7 outlines a selection of the key bedrock found in the 

area. The southern reaches of the area is dominated by the Milford Haven group. 

The north /south stretch of the Daugleddau area sees the river valley dissect 

through the bedrock of the remaining rock units (Table 3.7), with the South Wales 

Lower Coal Measures formation most prominent in the northern part of the area 

(BGS, 2016).  

Superficial deposits are very limited throughout the catchment area, with evidence 

of Quaternary alluvium and glacial sands and gravels present in small quantities 

(BGS, 2016) 

 

 

 

 

 

 



 

84 

 

Table 3.7 Key bedrock geology of Milford Haven (BGS, 2016) 

Rock unit Lithological description Age 

Milford Haven group Red calcareous marls, red and 

green sandstone, 

conglomerates and breccia 

 

Late Silurian – early Devonian 

Cosheston group Grey-green sandstone, red-

brown siltstone and 

conglomerates 

 

Lower Devonian 

Lower old red sandstone Sandstone and conglomerates 

 

Lower Devonian 

Pembroke limestone group Limestone Carboniferous 

Bishopstone mudstone Dark grey mudstone and 

siltstone 

 

Carboniferous 

South Wales lower coal 

measures formation  

Coal bearing mudstones and 

siltstones 

Carboniferous 

 

3.7.3 Climate 

The climate in Milford Haven is considered a maritime climate that is characterised 

by mild, cloudy, wet and windy weather. Mean annual temperature for Wales are 

between 9 and 11.5oC with higher end values reached in coastal areas.  Highest 

temperatures in the area of Pembrokeshire are in the summer months with 

average highs of 18oC recorded in July.  Average low temperatures are in the 

region of 2oC. Temperature in both winter and summer months is heavily 

influenced by the location’s proximity to the Atlantic (Met Office, 2016).  

Rainfall in the area is usually influenced by depressions or convection in the 

Atlantic, which tend to be stronger in the autumn and winter months.  

Consequently maximum rainfall in the area is observed from October through to 

December with an average between 110mm and 94 mm during this period (World 

weather online, 2016). Average wind speed for the area is highest in between 

October and February with average speeds of approximately 14 Mph. The 

average wind direction trends towards a westerly wind with variations present 

throughout the year (Windfinder, 2016).  
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3.7.4 Vegetation 

Halophytic vegetation accounts for over 22% of the 17.1km2 intertidal areas within 

Milford Haven (Davidson and Buck, 1997). The saltmarshes in the area are more 

prominent on the approach to the Daugleddau estuary and within its tributaries the 

Carew, Creswell, East and West Cleddau rivers. The majority of saltmarsh is 

located within the sheltered inlets and the tidal reaches of the rivers, with marsh 

development observed in many man made creeks and loading docks (Buck, 1993; 

Natural Resources Wales, 2015) 

The most notable populations of saltmarsh species present in the area have been 

recorded as limonium humile (Lax Flowered Sea Lavender) and salicornia pussilla 

(Glasswort) (Pembrokeshire marine special area of conservation, 2016). The cord 

grass Spartina Anglica has also become abundant throughout the area after its 

deliberate introduction during the Second World War (The Seashore, 2008).  

3.7.5 Hydrology 

The area is subjected to semi diurnal tides with average tidal range of 6.4m on 

spring tides and 2.7m on neaps. Tidal asymmetry is apparent in Milford Haven 

with a slight flood dominance recorded in the main port area.  

Marine water is the dominant water source in the area with a tidal prism of over 

100 times greater than the total fresh water volume in the catchment making the 

estuary well mixed (McLaren and Little, 1987; CEFAS, 2012). The main fresh 

water inputs into the estuary arrive from the East and West Cleddau rivers which 

drain around 65% of the catchment, an area of over 200 sq miles (Nelson-Smith, 

1967; CEFAS, 2012). The rivers also drain partially from the Preseli mountains 

with the East Cleddau the steeper of the two reaching its highest level at 536 m, 

meaning a higher daily flow in comparison to the West Cleddau. The Carew and 

Creswell rivers also provide further input of fresh water into the system (National 

Rivers Authority Welsh Region, 1994; CEFAS, 2012). 

Variations in salinity are documented within the catchment, with fully marine 

waters located as far as 16km from the mouth of the estuary before reducing to 9-

10ppt at Picton Point on the East Cleddau River (Figure 3.7 A) (Buck, 1993; 

CEFAS, 2012).  
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3.8 Study Location: Fal Estuary, Cornwall 

 

Study Sites     

1. Devoran 2. Truro Harbour 3.Ruan Lanihorne   

 

  

Figure 3.7 A) Fal estuary study locations B) UK location C) site details (Buck, 1997; The Estuary 

guide, 2007; Edina Digimap, 2016). 

 

C  

JNCC ID 154 
Grid reference SW8334 
Geomorphological 
classification 

Ria 

Tidal classification Macro tidal 
Tidal range (m) 5.3 
Shoreline length (km) 126.8 
Channel length (km) 18.1 
Core area (Ha) 2482 
Intertidal area (Ha) 746 
Saltmarsh (Ha) 93 

  

B 

A 
 



 

87 

 

3.8.1 General location information 

The Fal estuary is situated in Cornwall, South West England (Figure 3.7) and is 

classified as a Ria type estuary covering over 24km2 (Davidson and Buck, 1997). 

The catchment lies within a steep sided river valley which forms a natural harbour, 

with the larger outer basin area surrounded by numerous inner tributaries (Buck, 

1997). The estuary is long and narrow throughout and encompasses 127km of 

coastline with the mouth located near the town of Falmouth and the tidal limits of 

the head located past Truro (CEFAS Fal, 2010). 

The location has an extensive history of mining dating back as far as the Bronze 

Age culminating in the 19th century. This has led to significant metal 

contamination and large inputs of china clay wastes into the estuary (CEFAS Fal, 

2010).  

The Fal estuary is a designated SAC and includes several SSSI designated areas 

(Buck, 1997; JNCC, 2016a). 

3.8.2 Geological setting  

The local geology of the Fal estuary consists of three main Devonian age bedrock 

deposits (Table 3.8). The dominant bedrock of the area is Portscatho Formation 

which covers approximately 80% of the catchment. Smaller areas of the 

Porthleven Breccia and Mylor Slate Formation span the western side of the 

estuary (BGS, 2016). 

Superficial deposits in the area are largely Holocene, with some small areas of 

Quaternary gravels, sand and clay (BGS, 2016).  

Table 3.8 Key bedrock geology of Fal Estuary (BGS, 2016) 

Rock unit Lithological description Age 

Portscatho formation  Sandstone and argillaceous 
rocks, interbedded mudstones 
and slates 
 

Devonian 

Porthleven Breccia  Angular rock fragments from a 
range of lithologies 

Devonian 

   
   
Mylor slate formation Slate and siltstone Devonian 
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3.8.3 Climate 

The climate of the location is typical of a temperate maritime climate. The annual 

average summer high temperatures are 19oC and average winter lows are 3oC. 

Annual rainfall of the area is between 900-1000mm with heaviest rainfall recorded 

between January and February and October to December.  Average annual wind 

speeds range between 11 to 17 Mph with the highest rates during the winter 

months. The prevailing wind direction in the area is from the west and south west 

(CEFAS Fal 2010; Met office 2016) 

3.8.4 Vegetation 

Saltmarsh vegetation covers over 12% of the 7.4km2 of intertidal areas within the 

estuary (Davidson and Buck, 1997). Saltmarsh zones are narrow and restricted to 

the sheltered upper creeks due to the ria like morphology of the location and 

transition into woodlands. Notable saltmarsh vegetation in the area include; 

Bolboschoenus maritimus (Sea Clubrush), Agrostis stolonifera (Creeping Bent), 

Puccinellia maritima (Common Saltmarsh Grass), Festuca rubra (Red Fescue) 

and Juncus maritimus (Sea Rush). Cliffed marshes indicate that the saltmarsh 

zones in the area may be experiencing erosion (Buck, 1997; JNCC, 2016a) 

3.8.5 Hydrology 

The estuary is subjected to semi diurnal tides with an average spring tidal range of 

5.4m at the Fal entrance, which reduces to 3.5m at Truro port. Tidal asymmetry 

exists within the estuary with a slightly longer ebb tide making the location flood 

dominant. Fresh water input into the estuary is limited and arrives from the River 

Tressilian, the River Fal and Truro River as well as a number of small tributaries 

(CEFAS Fal, 2010) 
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3.9 Study Location: Medway Estuary, Kent 

 

Study Sites     

1. Upnor 2. Sharps Green 3. Grain   

 

  

 

Figure 3.8 A) Medway estuary study locations B) UK location C) Site details (Buck, 1997; The 
Estuary guide, 2007; Edina Digimap, 2016). 

C  

JNCC ID 119 
Grid reference TQ845715 
Geomorphological 
classification 

Coastal plain 

Tidal classification Macro tidal 
Tidal range (m) 4.1 
Shoreline length (km) 143.4 
Channel length (km) 40.9 
Core area (Ha) 6441.1 
Intertidal area (Ha) 4010 
Saltmarsh (Ha) 754 

  

A 

B 
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3.9.1  General location information 

The Medway estuary is situated in Southern England (Figure 3.8) and is a large 

coastal plain estuary covering over 64km2. The estuary reaches its tidal limits 

41km inland from the mouth at Allington lock. The estuary towards the mouth is 

characterised by a wide shallow basin that includes numerous small islands and 

vast areas of saltmarsh. The morphology changes further away from the mouth 

and becomes narrower in comparison, as it moves inland (JNCCb, 2016).   

There is an extensive history of human settlement dating back thousands of years 

and the area has been home to the historic dock yards of Sheerness and Chatham 

as well as significant industrial activity (SE-Coastal group, 2012; MSEP, 2016).  

Several locations within the estuary have been designated areas of SSSI, SAC 

and Ramsar sites due to the presence of a number of nationally rare plant and 

invertebrate species present within the location (JNCCb, 2016). 

3.9.2 Geological setting  

The local geology of the Medway Estuary consists of several key Palaeogene and 

Cretaceous lithologies (Table 3.9). The underlying bedrock of the vast majority of 

the area towards the mouth of the estuary, including the Isle of Sheppey, consists 

of the London Clay formation. Further inland the catchment geology includes 

Paleogene deposits of the Lambeth group and Thanet formation, before moving 

into Upper Cretaceous chalk further inland (BGS, 2016).    

Superficial deposits are abundant across the catchment with large areas of 

Quaternary beach deposits of shingle, sand, silt and clay recorded (BGS, 2016) 
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Table 3.9 Key bedrock geology of Medway Estuary (BGS, 2016) 

Rock unit Lithological description Age 

London Clay Formation Blue-grey grey- brown silt to 

silty clays 

 

Paleogene  

Lambeth Group  Clay, silt, sand, gravel, minor 

limestone 

 

 

Paleogene 

Thanet Formation Glauconite coated flint, pale 

yellow-brown clayey and 

glauconitic sands 

 

Paleogene 

Seaford Chalk, Lewes Chalk 

and Newhaven Chalk 

Formations 

Chalk Upper Cretaceous 

   

   

 

3.9.3 Climate 

The climate of the Medway area is typical of the temperate maritime climate of 

South East England. As the south east is the closest part of the UK to continental 

Europe, the climate can be further influenced by continental weather throughout 

the year. Mean annual temperature for the catchment are 14oC with summer highs 

of over 20oC and winter lows between 2-3oC (Met office 2014b). Annual rainfall in 

the area is between 600-700mm with both summer and winter months receiving 

<150mm.  Prevailing wind directions are from south-southwest with average wind 

speeds ranging between 2 and 4 knots (Met office date 2014b). 

3.9.4 Vegetation 

Saltmarsh vegetation covers over 18% of the 40.1km2 intertidal area within the 

estuary.  Small areas of saltmarsh are found fringing the stretch of the Medway 

River, however the highest abundance of these areas are found in the wide basin 

area towards the mouth around the Isle of Grain and Chertney areas (Magic map, 

2016). Notable vegetation species recorded in the catchment area are Tripolium 

pannonicum (Sea Aster), Limonium (Sea Lavender), Spartina Anglica (Cord grass) 
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and a rare species of Limbarda crithmoides (Golden Samphire) (Medway gov, 

2013). Saltmarshes in the catchment have experienced rapid erosion associated 

with relative sea level rise and changes in wave climate with reported losses of 

over 20% due to erosion since the early 1970’s (JNCCb, 2016). 

3.9.5 Hydrology 

The estuary is subjected to semi diurnal tides with an average spring tidal range of 

4.9m, at Sheerness on the coast, which increase to 5.1m inland towards 

Gillingham. The catchment drains an area of 1761km2 and includes the rivers 

Eden and Beult, with the only significant fresh water input arising from the River 

Medway but this is minor in comparison to the tidal volume (SE-coastal group, 

2012). 

Tidal asymmetry exists within the estuary but is complex due to variations in the 

morphology of the sub-tidal and intertidal areas and past anthropogenic 

adaptations such as reclamation and coastal defences. The propagation of the 

tidal wave is modified and results in an ebb dominance in the outer estuary, a 

flood dominance in the mid estuary  and returning to an ebb dominance further 

inland (SE-coastal group, 2012). 

The key sediment supply to the Medway estuary is from offshore sources from the 

Greater Thames embayment with estimates of up to 25,000m3 of suspended 

sediment present in the tidal prism at any one time (SE-coastal group, 2012). 
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3.10 Study location: Chichester Harbour, UK 

 

Study Sites     

1. West Itchenor 2. Bosham 3. Nutbourne   

 

 

Figure 3.9 A) Chichester Harbour study locations B) UK location C) Site details (Buck, 1997; The 
Estuary guide, 2007; Edina Digimap, 2016). 

C  

JNCC ID 128 

Grid reference SU7600 

Geomorphological 

classification 

Bar built 

Tidal classification Macro tidal  

Tidal range (m) 4.2 

Shoreline length (Km) 80.6 

Channel length (Km) 8.1 

Core area (Ha) 2946 

Intertidal area (Ha) 2342 

Saltmarsh (Ha) 1077 

A 

B 
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3.10.1 General location information  

Chichester Harbour is a large natural inlet spanning the borders of West Sussex 

and Hampshire counties on the southern coast of England (Figure 3.9). The 

location is one of the largest semi enclosed coastal systems on the south coast of 

England with a total area of 2946 ha, of which 2342 ha are classified as intertidal 

areas (Buck, 1997). The harbour makes up part of a larger network of the Solent 

estuaries which include; Langstone and Portsmouth Harbours, Southampton 

water, the east and west Solent and Spithead (Solent Protection Society, 2014).  

The ecological importance of the location has long been recognised and as a 

result the harbour has been designated as a Site of Special Scientific Interest 

(SSSI), an Area of Outstanding Natural Beauty (AONB) and a Special Area of 

Conservation (SAC). The location has also received Ramsar designation due to 

the presence of internationally important wetland habitats and numerous waterfowl 

(Buck, 1997; Chichester Harbour Trust, 2004a; Chichester Harbour Conservancy, 

2014b; Natural England, 2014). 

3.10.2 Geological setting  

Chichester Harbour is located on the north eastern limb of the Hampshire basin. 

The bed rock geology of the location consists of a number of sedimentary deposits 

of Cretaceous and Paleogene origin (Table 3.10). The bedrock of the northern 

reaches of the harbour consists of the white chalk sub group which is Cretaceous 

in origin. The mid sections of the harbour are dominated by the Reading Bed 

formation (Lambeth Group) and London Clays. The Reading Bed formations 

consists largely of red mottled clay and silty clay sediments of Palaeocene origin. 

The London clay formations are comprised of a mix of silt and clay deposits with 

lesser inclusions of sandy layers of Palaeocene to lower Eocene origin.  At the 

most southerly reaches of the harbour the bedrock geology is comprised of the 

Wittering formation which make up part of the Bracklesham and Barton group. The 

Wittering formation consists of a series of inter bedded clays, silts and fine to 

medium sands of Palaeocene to lower Eocene origin (Bone, 1989; British 

Geological Survey, 2014; Chichester Harbour Education, 2005). Superficial 

geological deposits are present throughout the whole of the harbour and are 
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largely comprised of Quaternary deposits of Brick Earth, alluvium and sand and 

gravel (British Geological Survey, 2014). 

Table 3.10 Key bedrock geology of Chichester (BGS, 2016) 

Rock unit Lithological description Age 

Lewes Nodular Chalk 

Formation  

Chalk  

 

Cretaceous 

 

Lambeth Group 

 

Clay, Silt and Sand 

 

Paleogene 

   

London Clay Formation Clay, Silt and Sand Paleogene 

 

3.10.3 Climate  

The South of England experiences a temperate maritime climate similar to the rest 

of the UK.  Temperatures in Southern England are generally moderate and show 

diurnal and seasonal variations. The mean average temperature for the south 

coast area is 9oC with average seasonal extremes of 3oC in winter months and 

22.5oC documented in the summer. The south coast of England is also relatively 

close to mainland Europe and influences from continental weather also occur (Met 

Office, 2014a&b).   

Prevailing wind directions for the south coast are from the south west with 

increased frequency and magnitude recorded during the winter months (Met 

Office, 2014b).  The influence of the wind in Chichester Harbour is believed to be 

less severe than other areas of the UK, likely due to sheltering effect provided by 

the presence of the Isle of Wight (ABP Research, 2001).   

Average rainfall in the area is the highest over the South Downs, situated 

approximately 10 miles north of the harbour, with an average of 35-40 wet days 

per annum and an average annual rainfall of 950mm (Met office, 2014 b). The 

south coast area can also be prone to thunder storms during the summer months 

which can increase the frequency and intensity of rainfall events in the area. In 
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contrast the area can see periods of limited rainfall over summer months leading 

to periods of water shortage (Met office, 2014 b).  

3.10.4 Archaeological and historical background  

Archaeological investigations in Chichester Harbour identify a long history of 

human activity in the area with evidence of human settlement dating back as far as 

the Bronze and Iron ages. During this period the colonisation of saltmarsh 

vegetation in the harbour had commenced, evidenced through analysis of pollen 

(Chichester Harbour Conservancy, 2014c).    

The harbour is also known to have been an important settlement during the 

Roman period, possibly for military purposes. The surrounding villages of Bosham, 

Fishbourne and Itchenor are later documented in the Domesday survey of 1085, 

which offers an insight into activity in the harbour at this time, with assets such as 

mills, fisheries and saltings listed. Post-industrial revolution enterprise within the 

harbour flourished with salt and brick production together with boat building and 

aquaculture all present in the surrounding area (Chichester Harbour Trust, 2004b; 

Chichester Harbour Conservancy, 2014c).   

Human influence on the harbour has in the past led to modification of the area by 

means of land reclamation for agriculture, which has been documented as taking 

place as early as the beginning of the 19th century. Dredging activities have also 

taken place in the harbour’s waterways for at least 200 years with larger scale 

removal of sediment occurring in more recent times of expansion (ABP Research, 

2001). The past 50 years has seen rapid expansion in activities such as recreation 

and increasing development of boat moorings and marinas in the harbour. Under 

this expansion in the area the Chichester Harbour Conservancy became 

established in 1971 to undertake the management of the harbour’s land and 

waterways (Chichester Harbour Conservancy, 2014b). A single historical landfill 

site is documented in the harbour at the northern reaches of the Bosham channel 

(Figure 3.11 A (2)) with waste first received in December 1976 before closing in 

May 1980 (Environment Agency, 2017).  
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3.10.5 Vegetation 

The harbour contains extensive areas of saltmarsh vegetation with estimates of 

over 1000 ha, making the location the 7th largest area of saltmarsh in the UK 

(Buck, 1997; Chichester Harbour Conservancy, 2014 b). A variety of saltmarsh 

species are present providing an important habitat for migratory and nesting birds 

as well as number of invertebrate species. The saltmarsh cord grass Spartina 

Anglica is the dominant vegetation in the harbour with estimates in the mid 1980’s 

projecting species coverage of up to 29% of the intertidal area.  Accelerated die 

back of this species has led to concerns of habitat loss and erosion of marsh 

systems. This die back was first noted in the harbour in 1967 with areas that 

experienced losses of this species also suffering from erosion due to the loss of 

the cord grasses binding root systems (SCOPAC, 2002).  

3.10.6 Hydrology  

The hydrology of Chichester Harbour is predominantly tidal with low levels of fresh 

water entering the system through a series of small creeks and the small outflow 

from the Rivers Ems and River Lavant, which is controlled using tidal sluice gates 

(Buck, 1997; Chichester Harbour Conservancy, 2014 a).  

The harbour is subject to semi diurnal tides with a tidal range of 4.2m giving it the 

classification of a macro tidal estuary.  The location can be susceptible to storm 

surges with water levels recorded in excess of 5m leaving coastal defences 

incapable of offering flood protection (ABP Research, 2001). The duration of the 

incoming flood tide is approximately 7 hours with a near 2 hour stand at high 

water, whilst the outgoing ebb tide is completed in 6 hours, causing an ebb 

dominant tidal asymmetry in the harbour (ABP Research, 2001).  This asymmetry 

has consequences for current velocities, with the fastest velocities noted at the 

harbour entrance on the ebb tide. These faster ebb current velocities at the mouth 

have led to a net export of coarser sediment from the harbour and have resulted in 

the formation of an ebb tidal delta which requires dredging (ABP research, 2001; 

SCOPAC, 2002). The longer period of the flood tide and subsequent high water 

slack lead to a net input of fine material into the harbour, largely derived from 

erosion between the coastline of Hayling Island and Selsey (Figure 3.11 A).  The 

upper reaches of the harbour, where tidal velocities are significantly decreased, 
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can offer quiescent conditions during slack tide, creating ideal deposition 

conditions for removal of fine sediment from the water column to the bed surface 

(SCOPAC, 2002).  

3.11 Individual study sites overview 

3.11.1 West Itchenor  

The site at West Itchenor is located on the Chichester Channel (Figure 3.9). To the 

west of the location there is an extensive Spartina Anglica system with metre high 

marsh cliffs at the boundary with the mudflats. The immediate area of the site has 

no lower marsh vegetation with Halimione portulacoides present in small amounts 

on the last remnants of a previous high marsh system. The general morphology of 

the area suggests that the site has undergone significant erosion of what was 

most likely a saltmarsh environment. The shoreward areas of the intertidal zone 

are characterised by the presence of hummock like features of more consolidated 

sediment which appears to incorporate detrital plant matter and roots systems 

(Figure 5.10).  

3.11.2 Bosham  

The study site at Bosham is located at the top eastern reaches of the Bosham 

Channel (Figure 3.9) The site is elevated over one metre in comparison to 

surrounding areas in the channel and consists of areas of mudflat surrounded by 

low marsh Spartina Anglica and areas of high marsh Halimione portulacoides.  

The high marsh areas are patchy throughout the site and have cliff heights of 

approximately 50cm. The site offers an insight into the phenomena of coastal 

squeeze with evidence of the marsh actively attempting to retreat landward yet 

being restricted by the seawall in place at the terrestrial boundary of the site; 

resulting in the erosion of the existing high marsh.  Bioturbation of the sediment 

has also been witnessed with an abundance of the amphipod crustacean 

Corophium Volutator present at the site.  

3.11.3 Nutbourne  

The study site at Nutbourne is based on the eastern shore of the Nutbourne 

Channel in a semi sheltered embayment (Figure 3.9). Coastal defence walls are in 

place in parts of the embayment with underlying shingle shores and mudflats. The 

southern area of the site is characterised by a mudflat environment transitioning to 
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a cord grass Spartina Anglica low marsh system, with small amounts of Halimione 

portulacoides and Salicornia europaea in the upper reaches. Marsh cliffs have 

developed in the lower reaches of the marsh system at the boundary with the 

mudflats, which indicate that periods of active erosion are occurring in the area.  

3.12 Summary  

The field methods documented in this chapter were conducted at each study 

location in chapter 4 between October 2013 and July 2015, this consisted of two 

site visits to each location with a minimum return period of 11 months. The field 

study of Chapter 5 was conducted over a 20 month period between July 2013 and 

April 2015 with CSM derived erosion thresholds measured over a period of 16 

months between January 2014 and April 2015.  

The results of the field studies are next presented in Chapters 4 and 5, with the 

results of the laboratory experiment to ascertain the influence of clay mineralogy 

on erosion thresholds presented in Chapter 6. 
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4 Chapter 4 The temporal and spatial variations in the erosion thresholds 

of three UK estuaries 

The monitoring study of Chapter 4 was developed in order to investigate the extent 

of temporal and spatial variations in erosion thresholds between three UK 

estuaries, with differences in clay mineralogy. The key research objectives of this 

chapter, outlined in Table 1.1, are: 

 To establish if observed temporal and spatial variations in physical 

sediment properties affect erosion thresholds through field and laboratory 

investigations. 

 To determine if observed changes in sediment bed elevation display any 

correlation with changes in erosion thresholds through field and laboratory 

investigations.  

The field studies investigate the temporal and spatial variations of erosion 

thresholds of intertidal cohesive sediments within Milford Haven, Fal and Medway 

estuaries and were conducted between October 2013 and July 2015. CSM derived 

erosion thresholds were obtained for each location and converted into stagnation 

pressures (Pstag). Erosion thresholds are categorised and referred to throughout 

the following chapters of the thesis as: 

 Spatial variations: Differences in erosion thresholds between both sites 

and locations. 

 Small scale variations: Changes in erosion thresholds over centimetre 

scales within a single location during the same time period. 

 Temporal variations: Differences in erosion thresholds within a single 

location over a period of time 

Methods overview 

In-situ measurements of the erosion thresholds of sediments were obtained using 

the CSM MUD 1 setting at each field location. In order to investigate spatial 

variations within each location, replicate CSM measurement (n=5) of both mudflat 

and saltmarsh sediments were conducted at each site. CSM testing was repeated 

at each location after a period of at least 11 months to observe temporal variations 

in erosion thresholds. Field studies were conducted during; October 2013 and 
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February 2015 at Milford Haven, July 2014 and July 2015 at Medway Estuary, and 

August 2014 and July 2015 at Fal Estuary.  

Bed elevation changes were monitored using sediment pins made of natural 

bamboo cane. Five pins were inserted in both mudflat and saltmarsh environments 

at each study site and heights recorded during each sampling period to identify 

patterns of sediment erosion and accretion. 

Key sediment properties known to influence sediment stability were also recorded 

alongside meteorological data (Appendix 2) in order to assess any potential 

relationships with recorded erosion thresholds within each location. Sediment 

samples were acquired from each study sites and taken back to the laboratory for 

analysis. Sediment properties from each site were determined using standard 

laboratory methods detailed in section 3.3.1. Clay mineralogy for each location 

was determined by XRD (Section 3.4).  

Statistical analysis to check for normality of the data was conducted using the 

Anderson-Darling statistical measure in Minitab to understand if this followed any 

particular type of distribution. Low P values calculated by this test, of <0.05 for 

both mudflat and saltmarsh Pstag (Pa) values, indicated that the data set does not 

follow a normal distribution. Due to the non-normal distribution of the data 

Spearman’s rank correlation coefficient, Mann Whitney and Kruskal-Wallis tests 

were all used to identify any statistical relationship between erosion thresholds 

between locations and any links these may have with sediment properties.  

4.1 CSM erosion thresholds mudflats 

CSM erosion thresholds of the mudflats at each location for 2013/14 and 2015 are 

shown in Figure 4.1 

4.1.1 Milford Haven 

The mean erosion thresholds for Milford Haven range between 20 and 50 Pstag 

(Pa) for 2013 and 23 and 53 Pstag (Pa) for 2015 (Figure 4.1). No considerable 

temporal changes were observed between 2013 and 2015 values, with only a 

slight increase at Garron Pill and small decrease at Sprinkle Pill noted. 
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Spatial variations in erosion thresholds between study sites at Milford Haven, 

recorded the highest mean values at Sprinkle Pill (36 Pstag (Pa)) 2013 and at 

Garron Pill (50 Pstag (Pa)) in 2015. Small cm scale spatial variations, represented 

by standard deviations (Figure 4.1), were also more apparent within these sites. 

Erosion thresholds within Garron Pill ranged between 26 and 89 Pstag (Pa) for 

2013 and 17 and 56 Pstag (Pa) for 2015 and at Sprinkle Pill between 17 and 50 

Pstag (Pa) during 2013. 

4.1.2 Fal Estuary 

The mean erosion thresholds for the Fal estuary range between 22 and 52 Pstag 

(Pa) in 2014 and 37 and 133 Pstag (Pa) in 2015 (Figure 4.1). Temporal variations in 

erosion thresholds were most notable at the Truro site with an increase in mean 

erosion threshold from 52 Pstag (Pa) in 2013 to 133Pstag (Pa) in 2015.  

Spatial variations recorded a slightly higher mean threshold at Truro in comparison 

to the other locations in 2013. A similar but more pronounced variation between 

the sites was also observed in 2015, where the mean erosion threshold of Truro is 

almost 100 Pstag (Pa) higher than Devoran and Ruan Lanihorne.  

Small cm scale spatial variations were most notable at Truro and Devoran. The 

broader range of the replicate measurements for Truro 2013 and Devoran 2015 

were influenced by a single higher measurement at each location, 122 and 98 Pstag 

respectively. If these were to be considered outliers the remaining measurements 

would indicate little spatial variation within these sites. The erosion thresholds at 

Truro during 2015 show the highest range of small scale spatial variations of any 

of the Fal sites with a range between 26 and 252 Pstag (Pa) observed.  

4.1.3  Medway Estuary 

The mean erosion thresholds for the Medway Estuary range between 111 and 209 

Pstag (Pa) for 2014 and 176 and 265 Pstag (Pa) for 2015 (Figure 4.1). Temporal 

variations in surface sediment stability were noted for each site with the most 

prominent being in Sharps Green with erosion thresholds increasing from 108 Pstag 

(Pa) in 2014 to 219 Pstag (Pa) in 2015.  

Spatial variations in erosion thresholds were observed between the sites at 

Medway with the highest mean values observed in the Grain site in 2014 and at 
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Upnor in 2015. Notable small cm scale variations were observed in each of the 

Medway sites with standard deviations of the mean measurements for this location 

the highest of all the three locations. The most significant variations were noted in 

Upnor 2014 with a range between 38 and 252 Pstag (Pa) and Grain 2015 with a 

range between 56 and 415 Pstag (Pa) 

Figure 4.1 Mudflat mean CSM erosion thresholds 2013/4 – 2015 (error bars are standard deviation 
from the mean) n = 5 

4.2 CSM erosion thresholds saltmarsh 

CSM Erosion thresholds of the saltmarshes at each location for 2013/14 and 2015 

are shown in Figure 4.2 

4.2.1 Milford Haven  

The mean saltmarsh erosion thresholds for this location range between 27 and 

150 Pstag (Pa) for 2013 and 31 and 224 Pstag (Pa) for 2015 (Figure 4.2). Temporal 

variations in some of the sites at this locality are more apparent than those in the 

mudflat environment at Milford Haven. Three locations show notable temporal 

variations between measurements taken in 2013 and 2015; East Cleddau with an 
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increase in mean erosion threshold from 33 to 91Pstag (Pa), Sprinkle Pill increasing 

from 42 to 224 Pstag (Pa) and Carew River decreasing from 150 to 34 Pstag (Pa). 

Spatial variations were observed between the saltmarsh sites at this locality with 

higher erosion thresholds noted in Carew River and West Cleddau sites in 2013 

and East Cleddau and Sprinkle Pill in 2015. Small cm scale spatial variations in 

erosion thresholds were observed throughout the location but appear to be more 

prominent at some sites/dates. The most notable variations are observed at; East 

Cleddau 2015 with a range between 17 and 281 Pstag (Pa), Sprinkle Pill 2015, 

ranging between 26 and 490 and Carew River 2013 ranging between 17 and 266 

Pstag (Pa) 

4.2.2 Fal Estuary  

The mean saltmarsh erosion thresholds for this location range between 194 and 

>490 Pstag (Pa) for 2014 and 211 and >490 Pstag (Pa) for 2015 (Figure 4.2). There 

were minimal temporal variations observed in the Ruan Lanihorne site between 

2014 and 2015 with a minimal increase in erosion threshold of 16 Pstag (Pa). 

Temporal variations for Devoran could not be identified as in both years the 

strength of the sediment exceeded the capability of the CSM. There is no 

saltmarsh present at the Truro location. 

Spatial variations were observed between the two sites. Although maximum 

erosion thresholds could not be ascertained for Devoran it was evident that the 

saltmarsh sediment at this site had significantly higher erosion thresholds than that 

of Ruan Lanihorne. Small cm scale spatial variations could not be detected at the 

Devoran site, however these were observed at the Ruan Lanihorne site. These 

variations in erosion thresholds within this site ranged between 122 and 252 Pstag 

(Pa) for 2014 and 160 and 307 Pstag (Pa) for 2015.  

4.2.3 Medway Estuary 

The mean saltmarsh erosion thresholds for this location ranged between 71 and 

228 Pstag (Pa) for 2013 and 132 and 243 Pstag (Pa) for 2015 (Figure 4.2). Temporal 

variations in erosion thresholds were also observed at this location. The most 

notable of these are at Sharps Green, with an increase of 90 Pstag (Pa) and at 

Grain, an increase of 83 Pstag (Pa). 
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Spatial variations in erosion thresholds were noted within Medway estuary 

between the sites in both 2014 and 2015. The highest values were recorded at 

Upnor in 2014 and Grain in 2015. Small cm scale spatial variations were most 

prominent in Grain with a range between 89 and 490 Pstag (Pa) in 2015, followed 

by Upnor ranging between 56 and 490 Pstag (Pa) in 2014 and 37 and 336 Pstag (Pa) 

in 2015.  

Figure 4.2 Saltmarsh mean CSM erosion thresholds 2013/4 – 2015 (error bars are standard 
deviation from the mean) n = 5 

4.3 Statistical analysis of CSM erosion thresholds 

Statistical analysis was undertaken to compare the differences in the CSM data 

both within and between locations and between sampling periods.  As the data is 

not of a normal distribution the non-parametric tests Mann Whitney and Kruskal-

Wallis were used.  

Mann Whitney tests were performed to draw any comparisons between mudflat 

and saltmarsh CSM data for each location and are shown in Table 4.1. The only 

location during the two sampling periods to show a statistically significant 
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difference between mudflat and saltmarsh CSM data is Cornwall, with sufficient p 

values in both 2014 and 2015. 

Table 4.1 Mann Whitney test all locations mudflat vs saltmarsh 

 n w p 

Wales 2013 37 250.5 0.0928 

Medway 2014 28 211 0.7295 

Cornwall 2014 21 105.5 0.0003 

    

Wales 2015 45 389 0.956 

Medway 2015 30 263.5 0.2049 

Cornwal 2015 27 216.5 0.0005 

 

Comparisons between mudflat and saltmarsh for each individual site within the 

three locations during the sampling period of 2013/4 are shown in Table 4.2. The 

only site to show any statistically significant difference between mudflat and marsh 

CSM data is the site at Ruan Lanihorne in Cornwall, with a p value of <0.05.  

Table 4.2 Mann Whitney test individual sites mudflat vs saltmarsh 2013/4 

 n w p 

Wales    

East Cleddau 8 13.5 0.2217 

Garron Pill 8 22.5 1 

Sprinkle Pill 8 18 1 

West Cleddau 8 10 0.3406 

    

Medway     

Grain 8 22 0.3094 

Upnor 10 22.5 0.3443 

Sharps Green 10 34 0.2087 

    

Cornwall    

Devoran * * * 

Ruan Lanihorne 10 15 0.0109 

* No values generated due to CSM data at this location having equal values 

Comparisons between mudflat and saltmarsh for each individual site within the 

three locations during the sampling period of 2015 are shown in Table 4.3. Two 
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sites generate sufficient p values to suggest a difference between mudflat and 

saltmarsh CSM data, Sprinkle Pill in Wales and Ruan Lanihorne in Cornwall.  

Table 4.3 Mann Whitney test individual sites mudflat vs saltmarsh 2015 

 n w p 

Wales     

East Cleddau 10 227 1 

Garron Pill 10 32.5 0.3321 

Sprinkle Pill 10 16.5 0.0259 

West Cleddau 10 22.5 0.3143 

    

Medway    

Grain 10 25 0.6742 

Upnor 10 35 0.1437 

Sharps Green 10 31.5 0.4633 

    

Cornwall     

Devoran * * * 

Ruan Lanihorne 10 15 0.0114 

* No values generated due to CSM data at this location having equal values 

Kruskal-Wallis tests were performed to determine if there were any statistically 

significant differences in the CSM data between the sites within the three 

locations.  Comparisons within each location for the two sampling periods (2013/4 

and 2015) for the combined mudflat sites at each location are shown in Table 4.4. 

The mudflat sites at Cornwall in 2014 were the only location to generate p values 

that indicate a significant statistical difference between mudflat sites within this 

location.  Post-hoc pairwise comparison testing identifies the key difference 

between mudflat sites at this location is between the sites at Devoran and Truro 

with a significance of 0.032.  
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Table 4.4 Kruskal-Wallis test all locations mudflats 

 n df H p 

     

Wales 2013 16 3 1 0.802 

Medway 2014 14 2 5.44 0.066 

Cornwall 2014 14 2 7.88 0.019 

     

Wales 2015 20 3 5.55 0.136 

Medway 2015 15 2 1.74 0.417 

Cornwall 2015 15 3 6.84 0.077 

     

 

Comparisons between saltmarsh sites within each location are shown in Table 4.5. 

Cornwall was the only location to return any significant p values to indicate a 

statistically significant difference between the CSM data for the saltmarsh sites 

within this location. As there are only two saltmarsh sites in this location post-hoc 

tests were not necessary. 

Table 4.5 Kruskal-Wallis test all locations saltmarsh 

 n df H p 

     

Wales 2013 21 5 4.69 0.455 

Medway 2014 14 3 7.89 0.072 

Cornwall 2014 7 1 3.89 0.049 

     

Wales 2015 25 6 11.67 0.07 

Medway 2015 15 2 1.31 0.52 

Cornwall 2015 7 1 3.89 0.049 

     

 

Kruskal-Wallis tests were performed using the combined data set from each of the 

three locations for both mudflat and saltmarsh, during each sampling period to 

determine if there were any statistically significant differences between the CSM 

data between locations.  For both mudflats and salt marshes, sufficient p values 

were generated to indicate statistically significant differences were apparent in 

CSM data between each location. Post-hoc pairwise comparison tests were 
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conducted and identify the key differences between the locations which are shown 

in Table 4.7.   

Table 4.6 Kruskal-Wallis test all locations saltmarsh 

 n df H p 

     

Mudflat locations 

2013/14 

44 2 25.433 <0.0001 

Mudflat locations 

2015 

50 2 28.542 <0.0001 

Saltmarsh locations 

2013/14 

42 2 15.269 <0.0001 

Saltmarsh locations 

2015 

47 2 15.74 <0.0001 

 

Table 4.7 Post-hoc pairwise comparison test 

Location Significance 

Mudflat   

Wales – Medway  <0.0001 

Cornwall - Medway  

 

0.001 

Saltmarsh  

Wales – Cornwall 0.002 

Wales – Medway (2015 only)   0.013 

 

 

4.4 Bed Elevation Change Mudflat  

The mean changes in bed elevation were recorded over an 11 month period at the 

Fal and Medway estuaries and a 16 month period at Milford Haven for both 

mudflat and marsh. Sediment pin data for bed elevation change between 2013/4 

and 2015 for the mudflats at each location are shown in Figure 4.3.    

4.4.1 Milford Haven 

The mean mudflat bed elevation changes at this location ranged between -24 and 

17 mm indicating both erosion and accretion throughout the locality. The most 

notable reductions in bed elevation were observed in East Cleddau and Sprinkle 

Pill with the large standard deviations highlighting the wider range of small scale 
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changes within these sites. Within the site at East Cleddau one sediment pin 

recorded accretion of 47mm, however all others evidenced erosion with reductions 

between -3 and -69 mm recorded. Similar observations were made in Sprinkle Pill, 

with one sediment pin recording accretion of 6mm and all others showing 

reductions between -10 and -41mm. Sediment pins at the remaining sites all show 

an increase in bed elevation with the exception of one at Garron Pill recording a 

decrease of -5mm. 

4.4.2 Fal Estuary  

The mean mudflat bed elevation at this location ranged between -2 and 16 mm 

indicating both erosion and accretion at the Fal location. A small reduction in bed 

elevation was noted at two sites with sediment pin data ranging from 0 to -5 mm at 

Truro and 0 to -10 mm at Devoran. The sediment pins from Ruan Lanihorne all 

recorded a positive increase in bed elevation ranging between 7 and 30mm 

accretion.  

4.4.3 Medway Estuary 

The mean mudflat bed elevation changes at this location range between -6 and 39 

mm suggesting both erosion and accretion at sites within this location. An increase 

in bed elevation was noted at Grain with sediment pin data ranging between 4 and 

12 mm and at Upnor ranging between 37 and 43 mm. Sharps Green is the only 

site to show any sign of reduction in bed elevation with one sediment pin showing 

a small positive increase of 2mm and the remaining pins showing a reduction 

between -1 and -12mm.  
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Figure 4.3 Mudflat mean accretion/erosion between 2013/14-2015 (error bars are standard 
deviation from the mean) n = 5 

 

4.5 Bed Elevation Change Saltmarsh 

Sediment pin data for bed elevation change between 2013/4 and 2015 for the 

saltmarshes at each location are shown in Figure 4.4.   

4.5.1 Milford Haven  

The mean bed elevation changes of saltmarshes at Milford Haven ranged between 

-15 and 12 mm. Reductions in bed elevation are noted at two sites within this 

location, East Cleddau and Garron Pill. The large standard deviations of these two 

sites highlight the significant range of change in surface elevation within the sites. 

The sediment pin data from East Cleddau recorded an increase of 54 mm at one 

pin with all others showing decreases ranging between -10 and-24 mm. The single 

pin, recording accretion, was omitted from the data as it was the result of leaf 

detritus. Measurements from Garron Pill record accretion between 4 and 32 mm at 

two pins with the remaining recording reductions ranging between -12 and -46 

mm. The remaining three sites all show a positive increase in bed elevation which 

ranges between 0 and 10mm at West Cleddau,  2 and 25 mm at Sprinkle Pill, with 

the exception of one pin showing a reduction of -1mm, and between 0 and 10 mm 

for Carew River. 
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4.5.2 Fal Estuary 

The mean bed elevation change of the saltmarshes of the Fal estuary is 14mm. 

The lack of Saltmarsh at the Truro site and loss of sediment pins at the Devoran 

site means bed elevation change was only observed at the Ruan Lanihorne site.  

The sediment pin data for this site suggest positive increase in bed elevation of the 

saltmarsh at this site ranging between 6 and 21 mm.  

4.5.3 Medway Estuary 

The mean bed elevation changes of saltmarsh in the Medway location ranged 

between 7 and 28 mm with all sites showing a mean overall accretion. The largest 

increase in bed elevation was observed in the Grain site with pin measurements 

ranging between 24 and 33 mm. One sediment pin at Upnor recorded a small 

decrease of 1mm with all other data showing an increase between 0 and 22mm. 

The final site at Sharps Green recorded increases in bed elevation between 1 and 

17mm 

Figure 4.4 Saltmarsh accretion/erosion between 2013/14 – 2015 (error bars are standard deviation 
from the mean) n = 5 
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4.6 Clay Mineralogy  

The following section introduces the clay mineralogy at each location identified 

using XRD analysis (Appendix 1). The non-clay mineral Quartz was found to be 

present in the clay fractions within each of the field sites. 

4.6.1 Milford Haven  

The following mineral suites were found to be present in the clay size fraction of 

mudflat and saltmarsh sediments; chlorite (C), illite (I) kaolinite (K), quartz (Q) 

(Appendix 1). Ethylene glycol treatments ruled out the possibility of smectite being 

present in these sediments with no apparent differences between the glycolated 

sample’s diffraction pattern and the air dried pattern (Appendix 1) 

Heat treatments at 550oc confirmed the presence of kaolinite and chlorite, with 

destruction of all kaolinite peaks and significant reduction of chlorite peaks near 

7.03Å and 4.7Å within the diffraction pattern (Appendix 1). The destruction of the 

diffraction peak at 2.38Å is a significant indicator of kaolinite as this is one of the 

few characteristic peaks that is not in the shared with a chlorite diffraction peak. 

Rietveld refinement of the diffraction patterns was inconclusive and as a 

consequence quantification of the clay minerals in all sites at this location were not 

possible 

4.6.2 Fal Estuary 

The clay mineralogy for the Fal Estuary is similar to that of Milford Haven with the 

presence of chlorite (C), illite (I), kaolinite (K) (Appendix 1). Quartz (Q) was also 

found to be present in the clay fraction. Ethylene glycol treatments caused no 

pattern shifts confirming that there was no smectite present in the sediment 

samples. Heat treatments at 550oc identify the presence of kaolinite, with the 

destruction of all characteristic diffraction peaks for this type of clay mineral and a 

reduction in chlorite diffraction peaks at 7.22Å, 4.7Å and 2.58Å.  

Rietveld quantification gave an estimation of the concentrations of the clay mineral 

groups present in the sediment from each site at this location (Table 4.8). 
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Table 4.8 Rietveld quantification of clay minerals and Quartz present in the clay fraction of the Fal 
Estuary samples (Values given in %).  

 Smectite  Kaolinite  Illite Chlorite Quartz 

Truro mudflat 
 

0 25.95 30.22 0 43.83 

Devoran mudflat  
 

0 50.3 40.6 0 9.1 

Ruan Lanihorne mudflat 
 

0 40.56 35.17 9.47 14.8 

Devoran marsh  
 

0 48.6 41.23 0 10.17 

Ruan Lanihorne marsh 0 44.4 39 0 16.6 

 

4.6.3 Medway Estuary 

The following mineral suites were found present in the clay size fraction of the 

Medway sediment samples; montmorrilonite (M), illite (I), kaolinite (K), chlorite (C) 

and quartz (Q) (Appendix 1).   

Air dried samples show a broad shoulder to the left of the illite 9.97Å diffraction 

peak, Highscore Plus peak fitting software identified a further peak within this 

shoulder at 12.74Å (Appendix 1). This shoulder may also be masking a smaller 

001diffraction peak for chlorite at ~ 14Å. After treatment with ethylene glycol the 

12.74Å diffraction peak expands to 16.37Å confirming the presence of the smectite 

group clay, montmorillonite. This is further confirmed when the montmorillonite 

peak collapses to share the 9.97Å  diffraction peak with illite after heating to 330oc 

which again is characteristic behaviour of a smectite clay (Appendix 1). Heat 

treatments to 550oc indicate the presence of kaolinite with the destruction of all the 

minerals characteristic diffraction peaks and a reduction in chlorite peaks 7.13Å, 

4.99 Å, 3.57 Å and 2.83 Å. 

Rietveld quantification gave an estimation of the concentrations of the clay mineral 

groups present in the sediment from each site at this location (Table 4.9). 
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Table 4.9 Rietveld quantification of clay minerals and Quartz present in the clay fraction of the 

Medway Estuary samples (Values given in %).  

 Smectite  Kaolinite  Illite Chlorite Quartz 

Grain mudflat 11.3 28.5 44.2 0 16 

Upnor mudflat 13.76 33 38.77 0 14.47 

Sharps Green mudflat 21.4 1.4 25.1 0 52.1 

Grain marsh 16.72 22.64 46.08 4.46 10.1 

Upnor marsh 15.5 15.42 29.93 0 39.15 

Sharps Green marsh 15.73 20.2 36.37 0 27.7 

 

4.7 Sediment properties 

Key sediment properties for each location are shown in Figures 4.5 and 4.6. 

Spatial and temporal variations in these properties were observed at all sites of 

which the most notable differences are considered in the following section 

4.7.1 Milford Haven  

Variations were noted in sediment properties between all sites within Milford 

Haven (Figure 4.6 and 4.6). 

Spatial variations in moisture content were observed within this location with the 

most notable at Garron Pill mudflat (2015) which was over 10% less in comparison 

to the other sites. Temporal variations were also observed against the prior year. 

These were most prominent at Sprinkle Pill saltmarsh and Garron Pill mudflats 

both recording a reduction in moisture content of near and greater than 10% 

respectively. 

Particle sizes (D50) were generally larger in the saltmarsh sediments at this 

location with the exception of West Cleddau. The largest particle sizes were 

recorded in the saltmarsh sediments of Garron Pill, which is also the only site to 

show any significant temporal change between 2013 and 2015.  

Mud (combined silt and clay fraction) and clay concentrations were typically higher 

in the saltmarsh sediments at this location with the exception of West Cleddau. 

The most notable spatial variations were observed in the mudflat sediments in 

2013, where mud concentrations ranged between 60 % and 94 %. Two significant 

temporal changes in mud concentration between 2013 and 2015 were further 
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observed at Garron Pill, with over a 30% reduction and at Carew River an increase 

of over 24%.  

4.7.2 Fal Estuary 

Moisture contents of both mudflat and saltmarsh at the Fal location between sites 

displayed no significant variation spatially or temporally with the exception of 

Devoran marsh where water content was over 10% lower than the other locations 

for both years.  

Particle sizes (D50) were relatively uniform for both mudflat and saltmarsh at all 

locations with the largest sizes observed in Devoran mudflats. No significant 

spatial or temporal variations were observed.  

Some spatial and temporal variations in mud content were observed in both 

mudflat and saltmarsh sediments at this location. Saltmarsh mud content at Ruan 

Lanihorne was over 7% lower than its counterpart at Devoran in 2013 and over 

10% lower in 2015. The mudflats at Truro also recorded between 6 and 10% more 

mud content than the other sites for 2013 and 2015 respectively.  

4.7.3 Medway Estuary 

No significant variations were observed in moisture contents of mudflats for this 

location for 2014. In the saltmarshes the moisture content was notably lower in the 

Upnor site which was between 8 and 12% less than the other locations. Due to 

sampling issues moisture content data for 2015 for this location was not available.  

Particle size (D50) data shows minimal spatial variation for mudflat and saltmarsh 

locations with the exception of Sharps Green Marsh. Temporal variations were 

also present at each site but these were small scale.  

Spatial and temporal variations in clay and mud content were observed at each 

site. Mud contents were between 9 and 14% lower in the Grain mudflats in 2014 

than the other sites and between 10 and 18 % lower in Sharps Green saltmarsh 

during the same period. Spatial variations in 2015 mud content were less 

pronounced however a temporal increase of over 15% increase was noted in 

Grain mudflats between the two years. The clay concentrations in both mudflat 
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and saltmarsh at the sites at this location are significantly higher than those 

observed at Milford Haven and the Fal Estuary.  
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Figure 4.5 Mudflat sediment properties all sites  A) Wet bulk density. B) Dry bulk density. C) Moisture content. D) Particle size D50. E) Mud (combined silt and 
clay fraction) content. F) Clay content. G) Organic matter content (Loss on ignition). H) Porosity.   ±Standard deviations n = 5 
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Figure 4.6 Saltmarsh sediment properties all sites  A) Wet bulk density. B) Dry bulk density. C) Moisture content. D) Particle size D50. E) Mud (combined 
silt and clay fraction) content. F) Clay content. G) Organic matter content (Loss on ignition). H) Porosity.   ±Standard deviations  n = 5 
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4.8 Interpretation and Discussion  

The following section provides an interpretation and discussion of the observations 

and results of the field studies.  

4.8.1 Spatial variations in erosion thresholds between locations  

4.8.1.1 Mudflats 

Of the three locations the sites in the Medway Estuary recorded the highest overall 

mean erosion thresholds for both 2014 and 2015, with Pstag (Pa) values in excess 

of 10 times higher than the lowest mean values at Milford Haven and the Fal 

Estuary (Figure 4.1) 

A relationship between erosion thresholds and sediment properties is identified 

when looking at the combined data set of all the mudflat locations (Table 4.10). 

Statistical analysis confirmed a moderate negative correlation with particle size 

and moderate positive correlations with clay and mud content. The highest 

concentrations of clay and mud concentrations and smallest particle sizes were 

observed at the sites at Medway. This may potentially explain the higher erosion 

thresholds at this location with these properties known to play a role in increased 

shear strength (Jepsen et al., 1997; Yang et al., 2008). The West Cleddau site at 

Milford Haven in 2014 however had comparable particle size and clay and mud 

concentrations to Upnor (Medway) in 2015, but recorded the lowest mean erosion 

thresholds of all sites. Additionally, lower clay and mud concentrations in some of 

the Fal sites and Garron Pill (Milford Haven) do not result in lower erosion 

thresholds (Figure 4.6E and F).  

Table 4.10 Spearman’s correlation coefficients of CSM derived erosion thresholds and mudflat 

sediment properties. * Indicates p values of <0.05 

Sediment properties Mudflat 

Particle Size (D50) -0.582* 

Clay Content (% vol)  0.499* 

Mud Content (% vol)  0.453* 

Moisture Content (% mass)  0.233 

Wet Bulk Density (g cm
3
) -0.198 

Dry Bulk Density (g cm
3
) -0.078 

Porosity -0.074 

Organic Matter (% mass) -0.250 
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4.8.1.2 Saltmarsh 

The erosion thresholds of the saltmarsh at the three locations (Figure 4.2) are 

more varied than that of the mudflats, with no single location having overall higher 

stability. Any direct comparison between the saltmarsh sites becomes challenging 

due to the varying degree of consolidation between the sites, a factor which is 

often associated with bed shear strength (Crooks and Pye, 2000; Watts et al., 

2003; Tolhurst et al., 2008a). The level of consolidation at Devoran (Fal Estuary) 

was significantly higher than all other marsh locations and was more consistent 

with terrestrial sediment, it was apparent that this was the driving mechanism 

behind the higher erosion thresholds recorded at this site. 

The combined data set for the saltmarsh sites identifies correlations between 

erosion thresholds and two sediment properties, with strong negative correlations 

identified with organic matter and moisture content (Table 4.11). Higher moisture 

contents may be expected to result in lower erosion thresholds and is witnessed in 

other studies (Underwood and Paterson, 1993). The highest moisture contents 

were observed in the Milford Haven marshes which also recorded the lowest 

erosion thresholds, potentially highlighting this negative relationship with this 

sediment property. The negative correlation with organic matter however is 

unexpected as greater concentrations are generally associated with a higher 

degree of sediment stability (Grabowski et al., 2011).  

Table 4.11 Spearman’s correlation coefficients of CSM derived erosion thresholds and saltmarsh 

sediment properties. * Indicates p values of <0.05 

 

Sediment properties Saltmarsh 

Particle Size (D50)  0.008 

Clay Content (% vol) -0.168 

Mud Content (% vol)  0.107 

Moisture Content (% mass) -0.632* 

Wet Bulk Density (g/cm
3
)  0.376 

Dry Bulk Density (g/cm
3
)  0.476 

Porosity -0.388 

Organic Matter (% mass) -0.797* 
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4.8.1.3 Summary 

The differences in sediment property measurements between the sites at all three 

locations would be a fundamental factor in the observed spatial variations in 

erosion thresholds, but to what degree remains unclear. Although statistical 

analysis (Table 4.10 and 4.11) identifies significant correlations these should be 

treated as more of an advisory basis to inform future research in these locations. 

The combined nature of the data set does not account for site specific variations in 

factors such as geomorphology and clay mineralogy and it may be that the relative 

influence of certain sediment properties may be of higher importance in some 

locations yet not in others.  

A seasonal aspect cannot be fully discounted as influencing spatial variability in 

erosion thresholds as the Milford Haven study was conducted during the winter 

months and the Fal and Medway studies during the summer. This may have had 

some bearing on lower erosion thresholds observed at Milford Haven however, 

spatial variations were still observed between the two summer studies. 

Furthermore the erosion thresholds recorded in the Fal estuary mudflats were 

relatively comparable to those at Milford Haven with the exception of Truro.  

4.8.2 Spatial variations in erosion thresholds between individual sites in 

each location  

4.8.2.1 Mudflats 

Spatial variations in erosion thresholds between sites in each location were the 

most prominent in Medway Estuary mudflats (Figure 4.1). The study site at Grain 

recorded the highest erosion thresholds of the three sites in 2014, twice as high as 

those recorded at Sharps Green. In 2015 the highest mudflat erosion thresholds 

were observed at Upnor which exceed those of Grain by 50% and Sharps Green 

by 21%. 

Consideration was given to whether variations in particle size and clay and mud 

concentrations (Figure 4.6 D, E and F) may be a controlling factor in observed 

differences between the Medway sites. The spatial variation in these properties, 

with the exception of mud content at Grain 2014 and clay content at Upnor 2015, 

were however minimal in both years and would unlikely explain the differences in 

erosion thresholds observed. The sites that recorded the highest erosion 
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thresholds in 2014 and 2015 both recorded the largest particle sizes and the 

lowest clay and mud concentrations, which for the latter properties is contrary to 

the relationship suggested by the correlations in Table 4.10.  

Relatively minor spatial variations between the sites at Milford Haven were 

observed in the mudflats in 2013 and 2015, with Sprinkle Pill recording the highest 

erosion thresholds in the former and Garron Pill in the latter (Figure 4.1). The site 

at Sprinkle Pill in 2013, other than slightly higher moisture content (Figure 4.6C), 

displayed no compelling difference in measured sediment properties that would 

explain this. Variations in sediment properties at Garron Pill in 2015 may possibly 

play a role in the higher erosion thresholds, with lower moisture contents and 

much larger average particle size representative of very fine sand recorded at this 

site (Figure 4.6 C and D).  

Similar minor variations were observed between sites in the Fal Estuary, with the 

exception of Truro in 2015 (Figure 4.1). Truro recorded the highest erosion 

thresholds of all sites in the Fal in both years, with slightly higher results than the 

other sites in 2014 and a mean difference of almost 100 Pstag (Pa) in 2015. The 

only key difference in sediment properties between sites in both years was a 

higher mud content recorded at Truro (Figure 4.6 E). It is unlikely however that this 

is the sole mechanism as mud content was consistent at this site between 2014 

and 2015 yet the erosion thresholds were significantly higher in the latter period at 

Truro. 

4.8.2.2 Saltmarsh 

Spatial variations in erosion thresholds observed in the saltmarshes of Medway 

Estuary were slightly more prominent in 2015 between the sites. Upnor recorded 

the highest erosion thresholds in 2014 with mean values in excess of 77% higher 

than those of Sharps Green. The site at Grain in 2015 recorded the highest values 

with erosion thresholds 83% higher than Upnor and 50% higher than Sharps 

Green. No relationship was apparent with variations in sediment properties 

between sites that could offer an explanation for these differences in erosion 

thresholds (Figure 4. A-H). Moisture content cannot be discounted from playing a 

role but due to lack of data from 2015 no relationship can be inferred.  
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The spatial variations in saltmarsh erosion thresholds in Milford haven sites were 

minor with the exception of the Carew River in 2013 and Sprinkle Pill in 2015, 

which both recorded significantly higher values. There were no significant 

differences in sediment properties between the Carew River and other sites during 

2013 that could account for the higher erosion thresholds observed in this period 

(Figure 4. A-H). Spatial variations were slightly more prominent between sites in 

2015 with higher Pstag (Pa) values recorded at Sprinkle Pill and East Cleddau sites. 

These two locations had a moisture content of at least 6% less than the other sites 

(Figure 4. C) which may have played a partial role in these higher strengths, 

however morphological change at these sites (4.8.1) is likely the key cause.  

The spatial variations between the two saltmarsh sites at the Fal location were 

similar in both 2014 and 2015. The site at Devoran recorded the highest erosion 

thresholds with the sediment exceeding the capability of the CSM jet and a 

threshold in excess of 490 Pstag in both years (Pa). Moisture content is 

considerably lower in the Devoran site (Figure 4. C) and is reflective of the degree 

of consolidation at this site.  The lower moisture contents, in conjunction with the 

higher degree of consolidation, of the sediment at this location are likely the key 

factor driving higher erosion thresholds at this site.  

4.8.2.3 Summary 

The lack of any significant variations in sediment properties between sites within 

the locations (Figure 4.6 A-H and Figure 4. A-H) indicates that further properties 

and processes outside of those recorded were influencing surface sediment 

stability. 

4.8.3 Observations of small scale centimetre spatial variations in erosion 

thresholds  

4.8.3.1 Mudflats 

Small scale centimetre spatial variations in CSM erosion thresholds, represented 

by standard deviations, were observed within the mudflats sites at all locations 

(Figure 4.1). These small spatial variations in erosion thresholds were most 

prominent at the sites at Medway and least apparent at the Milford Haven sites. It 

is clear that differences in properties and/or processes related to the ETDC cycle 
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between Medway and the other locations are responsible for these wider ranges of 

spatial variations, however no clear driver of this could be determined.  

4.8.3.2 Saltmarsh 

Small scale centimetre spatial variations in CSM erosion thresholds were within all 

saltmarsh locations with consistently large ranges observed in the sites at Medway 

in comparison to the other locations (Figure 4.2). Variations observed at Milford 

Haven appeared more prominent in 2015, the largest of which were noted in East 

Cleddau and Sprinkle Pill. The wider range of small scale variations noted at these 

sites are likely related to the same process that resulted in the increased erosion 

thresholds in 2015 with both sites having undergone a degree of topographical 

change and therefore may be related to saltmarsh deterioration.  

4.8.3.3 Statistically significant differences in CSM data between mudflat and 

saltmarsh CSM data 

Comparisons of the mudflat and saltmarsh CSM data (Table 4.1 and 4.2) identified 

that the only location to observe any statistically significant difference between 

mudflat and saltmarsh Pstag values was Cornwall, in both 2014 and 2015. The 

contrast between mudflat and saltmarsh at the Cornwall sites was highly apparent, 

with the latter appearing more consolidated and more similar to a terrestrial like 

sediment. It is therefore expected that a contrasting response to erosive forces 

between the mudflat and marshes at this location exists.  

One further statistically significant difference, between mud flat and saltmarsh 

CSM data is also observed, at the Sprinkle Pill site in Wales during the 2015 

sampling period. The site at Sprinkle Pill (Figure 4.8) is experiencing considerable 

change in the topography of the mudflat and saltmarsh due to the continued 

degradation of the system. The ongoing changes in topography of the system are 

a likely cause of why this statistical difference has become apparent in the later 

sampling period of 2015.  

4.8.3.4 Statistically significant differences in CSM data between locations 

Analysis of the CSM data between locations identified that Cornwall was the only 

location to show a statistically significant difference between its individual sites 

(Table 4.4 and 4.5). This significant difference between sites was observed for 

mudflat and saltmarsh data in both sampling periods. Post-hoc test identified the 
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key differences between the mudflats were between Devoran and Truro. Although 

there are site specific variations between the two, such variations exits between all 

sites at all locations and there were no obvious factors apparent that could 

account for this difference. The difference between the two saltmarsh sites at 

Cornwall however was evident in the field, with the site at Devoran being more 

consistent with highly consolidated terrestrial sediment then the saltmarsh 

sediments at the other site.  

Comparisons of the overall combined CSM data identified clear statistically 

significant differences between the three locations during both sampling periods 

(Table 4.6). Post-hoc tests identify the Medway mudflat CSM data as exhibiting 

clear difference with the mudflats at the other two locations (Table 4.7). A greater 

degree of small scale spatial variations in erosion thresholds were observed at this 

site than any other and mineralogy may possibly be a factor in this as the site is 

the only to contain smectite clays. This however does not translate to the 

saltmarsh locations as the key differences are identified to be between Wales and 

Cornwall in 2014 and Wales and Medway in 2015 (Table 4.7). No obvious key 

cause of these differences between the locations is apparent and it is likely that it 

is related to parameters outside the scope of the monitoring study.  

4.8.3.5 Summary 

There were no further obvious features of the sediments where CSM tests were 

conducted, such as visible biological activity or differences in surface topography 

that could account for the observed small scale spatial variations in mudflat and 

saltmarsh erosion thresholds.  

4.8.4 Temporal variations in erosion thresholds  

4.8.4.1 Mudflats 

Temporal variations in mudflat erosion thresholds over an annual period were 

noted in all locations (Figure 4.1). These were found to be minimal in Milford 

Haven with small increases in 2015 noted at most sites and a small decrease at 

Sprinkle Pill. The variations in the Fal were also minimal with the exception of 

Truro which saw an increased mean threshold of over 153%.  
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Temporal variations in the Medway Estuary mudflats were the most noteworthy of 

all three localities with significant increases in two of the sites (Figure 4.1). The 

variations in the erosion thresholds observed at each of the three sites at Medway 

between 2014 and 2015 show significant changes in the surface sediment 

strength. Mean increases of 68% were observed at Sharps Green and 137% at 

Upnor, with a small decline of 15% recorded in Grain. Temporal variations in 

sediment properties were also evident at all sites and may play a role in these 

changes in erosion thresholds (Figure 4.6 A-H).  Declines in particle size, wet bulk 

density and organic matter are all noted in 2015, all of which have been linked to 

sediment stability in previous studies (Jepsen et al., 1997; Morgan 2005; Yang et 

al., 2008). This however would not explain why large increases were observed in 

two of the sites yet a decline in the third, albeit small.  

4.8.4.2 Saltmarsh 

The most apparent temporal variations in saltmarsh erosion thresholds were 

observed at three sites in Milford Haven and two sites in Medway (Figure 4.2). All 

other sites showed relatively minor changes in strength from the previous year.  

The East Cleddau and Sprinkle Pill sites at Milford Haven in 2015 both show 

significant increases in mean erosion thresholds and decreases of up to 10% in 

moisture content (Figure 4. C), which may play a role in the increased strength of 

the sediment due to its relationship with consolidation (Crooks and Pye, 2000; 

Watts et al., 2003; Tolhurst et al., 2008a). Furthermore there had been a degree of 

topographic change at both these locations between 2013 and 2015 due to 

erosion that has likely influenced the increased Pstag (Pa) values observed at these 

locations in 2015 (4.8.1).  

The remaining temporal variations observed at Carew River (Milford Haven), 

Sharps green and Grain (Medway) show no other significant change in sediment 

properties that can be identified as being responsible for the temporal variations in 

thresholds, it may be possible that some are in fact a result spatial variations.  

4.9 Bed elevation change and temporal variations in erosion thresholds 

Changes in bed elevation were considered as a further possible reason for 

temporal variations in stability, due to the effects of erosion on the fabric of the 
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sediment. Erosion cannot only lead to the weakening of the bed surface but can 

result in exposure of underlying more consolidated material which is often 

associated with an increase in the strength of the bed (Whitehouse et al., 2000).  

4.9.1 Milford Haven bed elevation change  

The highest levels of erosion at Milford Haven were noted at the East Cleddau site 

(Figure 4.3 and Figure 4.4). Mean measurements at East Cleddau in 2015 show a 

large degree of spatial variation in bed elevation change over the area monitored. 

Mudflat sediment pins recorded a mean reduction of 23 mm however 

measurements ranged between 69mm erosion and 47mm accretion.  

Saltmarsh sediment pins at East Cleddau recorded changes in bed elevation 

ranging between 10 and 24mm of erosion (Figure 4.4). Accretion, observed at one 

sediment pin, was the result of a large volume of leaf detritus that reached a depth 

of over 50mm which had since been covered by a thin film of newly deposited 

sediment. This observation, although omitted from the results, is noteworthy as it 

demonstrates the complexity of bed development within these systems. Such 

processes where large volumes of detritus are incorporated into the bed may lead 

to variations in bed strength and as a consequence result in spatial difference in 

erosion thresholds of the sediment.  

Visual observations at East Cleddau confirmed a degree of surface topographic 

change. In 2015 numerous pebble to cobble size clasts were present (Figure 4.) 

and development of small rill like features running perpendicular to the shore were 

present in the mudflat sediment. Conversations with local fisherman to the area 

highlight the dynamic nature of the mudflat at this site, with suggestion that the 

elevation of the mudflat, can change quite significantly through both accretion and 

erosion over a relatively short period. This is quite probable with the site being on 

the main river channel and the prevailing wind direction moving in from behind the 

mudflats making the site susceptible to sediment export and redistribution.  

It is possible that the reduced bed elevation in 2015 at this site may have 

influenced the slightly higher CSM erosion thresholds observed, however no 

obvious exposure of more resistant material at depth that could account for this 

was evident at the time of testing. A further factor influencing changes in erosion 



 

129 

 

thresholds could relate to the increased abundance of pebble and cobble size 

clasts, whose movement along the bed during tidal inundation will enhance 

erosion.  

 

Figure 4.7 East Cleddau Mudflat and Saltmarsh, Milford Haven 2015 

Erosion was also prominent at the Sprinkle Pill mudflats, ranging between 10 and 

41m erosion, with only a single pin measuring accretion (Figure 4.3). 

The saltmarsh pins recorded a range between 1mm of erosion and 25mm 

accretion (Figure 4.3). Sprinkle pill is actively eroding (Figure 4.) with much of the 

saltmarsh in the area degraded and transitioning to mudflat. It was evident that the 

accretion values recorded for the saltmarsh were a result of slumping of sediment 

from higher up due to erosion. The wider variability and increase of the marsh 

erosion thresholds, by over 400%, were likely in part related to this erosion as it 

was clear that more consolidated underlying material had become exposed.  

 

Abundant shingle 

material present in 

mudflat 
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Figure 4.8 Sprinkle Pill, Milford Haven   

For the remaining sites at Milford Haven there was no obvious connection 

between bed elevation change and erosion thresholds.  

4.9.2 Fal Estuary bed elevation change 

The sites within the Fal estuary recorded a mixture of mudflat erosion and 

accretion (Figure 4.3). The site at Truro experienced a minimal mean reduction in 

bed elevation of 2 mm and a significantly higher erosion threshold in 2015. There 

was no visual evidence to indicate that exposure of more consolidated underlying 

mudflat material had occurred and the increased erosion thresholds are therefore 

unlikely to be related to erosion in this site.  

Small changes in bed elevation at Devoran (Figure 4.) were noted in the mudflat, 

with a range between 0mm and erosion of 10mm. The site at Devoran is 

experiencing erosion with the presence of cliffs in the saltmarsh at the boundary 

with the mudflat zone. The surface topography of the mudflat also had a more 

irregular bumpy appearance with the depth of the transition into underlying more 

Eroding marsh 

hummocks 
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consolidated material (~10mm), more apparent in 2015. An increase in mean 

mudflat erosion thresholds of approximately 72% were observed along with a 

much larger range of small scale spatial variations at this site (Figure 4.1). 

Although it is possible that erosion in this location, albeit small, may have played a 

role in this temporal change in erosion thresholds there are also changes in wet 

bulk density (Figure 4.6 A) and topography that could have also influenced 

stability.  

 

Figure 4.9 Devoran, Fal Estuary  

4.9.3 Medway Estuary bed elevation change 

The mudflat at Sharps Green (Figure 4.) was the only site to record any signs of 

erosion from sediment pin data within Medway, with a range between 2mm 

accretion and 13mm erosion (Figure 4.3). Ripple marks were prominent 

throughout the mudflats at this site suggesting that the area had been exposed to 

significant influence of wind and wave action which had led to the deformation of 

the sediment. These ripples were orientated perpendicular to the north-north-east 
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wind direction that was prominent in the area for the week prior to monitoring 

(Figure 4.11).  

 

Figure 4.10 Sharps Green, Medway

 

Figure 4.11 Ripple marks in Mudflat sharps green 

Ripple marks 
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Although sediment pins in the saltmarsh at Sharps Green recorded accretion 

(Figure 4.4), it was obvious from visual observations that parts of the marsh were 

experiencing erosion. Small patches of saltmarsh facing the North East were 

observed to have experienced a reduction in bed elevation in comparison to the 

surrounding mudflats which corresponded with the orientation of the ripple marks 

in the mudflats. This had led to creation of scour pools at the fringe of these 

patches alongside cliff features within the marsh, characteristic of erosion (Figure 

4.).  

It was evident that the influence of the wind had played a key role in morphological 

change in both mudflat and saltmarsh at this site. The higher erosion thresholds 

noted in 2015 at this site that may have partially been a consequence of this with 

the potential exposure of more stable mudflat sediment. Wind related wave set up 

is well known to influence sediment remobilisation in these systems (French, 

2008) and as a result may have had an indirect influence on the higher erosion 

thresholds at this location in 2015. At the remaining Medway sites there was no 

strong visual evidence of any link between morphological change and changes in 

erosion thresholds.   

Figure 4.12 Saltmarsh erosion, Sharps Green. 
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4.10 Clay mineralogy 

XRD analysis of the clay mineral fraction of the three locations identified the 

presence of four main clay mineral groups and the non-clay mineral quartz present 

in the fine size fraction of the sediment. kaolinite, illite and chlorite are observed in 

all three locations, with smectite clay only identified in the sites at Medway 

(Appendix 1). The difference in clay mineralogy and concentration (Table 4.8 and 

4.9) between the three locations likely play some kind of role in the variations in 

erosion thresholds observed, although it is not possible from the field study alone 

to confirm this. The Medway Estuary, the only site where smectite clay minerals 

are recorded, has some of the highest erosion thresholds of all three locations. 

Although some relationships between erosion thresholds and sediment properties 

are evident they do not fully account for the spatial variations observed, the 

presence of smectite could therefore possible be a factor in the higher surface 

erosion thresholds at Medway. Investigations into the influence of smectite (2.13) 

however suggest the contrary, with the presence of this clay mineral type believed 

to result in lower erosion thresholds. It should however be noted that these studies 

were largely focused on terrestrial sediments and do not account for the contrast 

in water chemistry that is observed in the intertidal environment. 

4.11 Conclusion 

The investigation into the erosion thresholds of intertidal sediments at three UK 

estuarine locations with contrasting clay mineralogy identified significant spatial 

and temporal variations in the stability of the surface sediment. The highest 

mudflat erosion thresholds were observed at Medway, which were in excess of ten 

times that of sites at Milford Haven with a possible link to higher clay and mud 

concentrations at this location. The highest saltmarsh erosion thresholds were 

observed in the Fal Estuary, however it is likely these were due to a higher degree 

of consolidation at these sites in comparison to other locations. 

Correlations between sediment properties and erosion thresholds were identified 

in the combined locations mudflat and saltmarsh data sets. Moderate correlations 

with clay and mud content and moderate negative correlations with particle size 

were identified for the combined mudflats. Strong negative correlations between 

erosion thresholds and organic content and moisture content were identified in the 
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combined saltmarsh data set. These relationships do not however translate 

through to every location and cannot fully explain the variations in stability 

observed, with similar sediment properties recorded between sites yet significant 

differences in erosion thresholds.  Furthermore, the combined nature of the data 

set does not account for site specific variations in factors such as geomorphology 

and clay mineralogy, these correlations should therefore be treated as more of an 

advisory basis to inform future research in these locations 

Small scale centimetre variations in mudflat and saltmarsh erosion thresholds 

were observed in all locations. A consistently wider range of these variations were 

recorded in the mudflat and marsh sediments at Medway in comparison to other 

locations with no obvious cause evident. Wide variations were also observed in 

Milford Haven in 2015 at Sprinkle Pill and East Cleddau which were possibly 

linked to active erosion within these sites. 

No apparent change in sediment properties could be determined as driving 

temporal variations in erosion thresholds, it is possible in some cases these may 

have been the result of spatial variations in sediment strength. Although no 

statistically significant relationship between bed elevation change and erosion 

thresholds could be determined it was obvious that morphological change due to 

erosion in two sites, Sprinkle Pill and East Cleddau was a key factor in these 

temporal changes.  

Differences in clay mineralogy between the locations likely play a role in the 

different erosion thresholds recorded. The Medway Estuary was the only location 

to contain smectite clay minerals and consistently recorded high erosion 

thresholds and a wider range in small scale spatial variations. This influence of 

clay mineralogy however cannot be determined through the field study as it 

requires isolation of this component of the sediment. Isolation of individual 

variables and their influence on erosion thresholds need to be conducted through 

laboratory means which can offer a more accurate insight into the role of each 

property. 
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In conclusion the results of this study leads to the development of two further key 

recommendations to achieve the overall aim and research questions set out in 

Chapter 1: 

 To assess better the relationship between physical sediment properties, 

bed elevation change and temporal and spatial erosion thresholds a more 

frequent, longer term study is required. This recommendation forms the 

basis of Chapter 5  

 

 To further understand the relationship between clay mineralogy and spatial 

variations in erosion thresholds the isolation of this sediment property under 

laboratory conditions is required to fully determine its influence. This 

recommendation is addressed in Chapter 6 
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5 Chapter 5 The temporal and spatial variations in the erosion thresholds 

of Chichester Harbour. 

This chapter addresses the first of the recommendations from Chapter 4 by 

providing a more detailed and intensive monitoring regime to further understand 

the nature of temporal and spatial changes in stability of intertidal cohesive 

sediment. The relationship between sediment stability and key physical sediment 

properties are assessed in this chapter in order to inform the analysis of the 

relationship between clay mineralogy and sediment stability in Chapter 6.  

The key research objectives of this chapter, outlined in Table 1.1, are: 

 To establish if observed temporal and spatial variations in physical 

sediment properties affect erosion thresholds through field and laboratory 

investigations. 

 To determine if observed changes in sediment bed elevation display any 

correlation with changes in erosion thresholds through field and laboratory 

investigations. 

 

Three sites were selected within the harbour for regular monitoring of mudflat and 

saltmarsh sediments within Chichester Harbour (Figure 3.9 A). Site selection was 

based on contrasting degrees of shelter from wind and wave set up and positions 

within the harbour to gain a balanced view of erosion thresholds within the 

location.  

Methods overview 

In-situ measurements of the erosion thresholds of sediments were obtained using 

the CSM MUD 1 setting at each field location. In order to investigate spatial 

variations within each location, replicate CSM measurement (n=5) of both mudflat 

and saltmarsh sediments were conducted at each site. CSM derived erosion 

thresholds (Pstag (Pa)) of the surface sediments were obtained at regular intervals 

over a 16 month period in order to assess the degree of any temporal and spatial 

variability present within Chichester Harbour. 
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Bed elevation changes were monitored using sediment pins made of natural 

bamboo cane. Five pins were inserted in both mudflat and saltmarsh environments 

at each study site and heights recorded during each sampling period to identify 

patterns of sediment erosion and accretion. Bed elevation changes were 

monitored over a 20 month period, due to earlier initial site set up, to observe 

erosion and accretion within the sites and identify any possible relationship with 

erosion threshold changes. Morphological change at each location was monitored 

through visual observation and photographic documentation which was further 

supported by bed elevation change data. 

Key sediment properties known to influence sediment stability were also recorded 

alongside meteorological data (Appendix 2) in order to assess any potential 

relationships with recorded erosion thresholds within the location. Sediment 

samples were acquired from each study sites and taken back to the laboratory for 

analysis. Key sediment properties from each site were determined using standard 

laboratory methods detailed in section 3.3.1. Clay mineralogy for each location 

was determined by XRD (Section 3.4).  

Statistical analysis to check for normality of the data was conducted using the 

Anderson-Darling statistical measure in Minitab to understand if this followed any 

particular type of distribution. Low P values calculated by this test, of <0.05 for 

both mudflat and saltmarsh Pstag (Pa) values, indicated that the data set does not 

follow a normal distribution. Due to the non-normal distribution of the data 

Spearman’s rank correlation coefficient, Mann Whitney and Kruskal-Wallis tests 

were all used to identify any statistical relationship between erosion thresholds 

between locations and any links these may have with sediment properties. 

5.1 CSM erosion thresholds and sediment properties 

Average CSM erosion thresholds and sediment properties for the entire monitoring 

period showed significant spatial variation between each site (Table 5.1). The 

highest average erosion thresholds were documented in the marsh sediments. 

The largest Pstag (Pa) values for both mudflat and marsh sediments were noted at 

the site in West Itchneor. No obvious relationship between the overall CSM 

derived erosion thresholds and sediment properties is initially apparent. 
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Statistical analysis to check for normality of the data was conducted using the 

Anderson-Darling statistical measure in Minitab.  Low P values calculated by this 

test, of <0.05 for both mudflat and saltmarsh Pstag (Pa) values, indicated that the 

data set does not follow a normal distribution.  Due to the non-normal distribution 

of the data Spearman’s rank correlation coefficient, a non-parametric measure of 

correlation, was used to identify statistical relationships between erosion 

thresholds and sediment properties (Table 5.2 and Table 5.3)  
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Table 5.1 Average CSM erosion thresholds and sediment properties for entire monitoring period at Chichester Harbour (± Standard deviations, n =11-13) 

 West Itchenor 

mudflat  

 

Bosham mudflat 

 

 

Nutbourne mudflat West Itchenor 

eroded marsh  

 

Bosham marsh 

 

 

Nutbourne marsh  

 

       

CSM (Pstag (Pa)) 135  (±78) 33  (±15) 59  (±33) 328  (±82) 275  (±111) 189  (±102) 

Wet bulk density 

(g/cm
3
) 

1.6   (±0.1) 1.3 (±0.1) 1.6 (±0.1) 1.4   (±0.1) 1.3   (±0.1) 1.3   (±0.1) 

Dry bulk density 

(g/cm
3
) 

0.9   (±0.1) 0.5 (±0.1) 0.8 (±0.2) 0.7   (±0.1) 0.5   (±0.1) 0.9   (±0.5) 

Particle size (D50) 31    (±11) 18  (±8) 35  (±13) 19    (±10) 12    (±4) 24    (±17) 

Porosity  67    (±5) 81  (±3) 68  (±9) 72    (±5) 80    (±4) 68    (±17) 

Organic matter 

(%mass)  

5      (±2) 10  (±1.8) 4    (±2) 7      (±3) 13    (±2) 13    (±3) 

Clay (% vol) 18    (±4) 21  (±5) 14  (±5) 22    (±4) 25    (±5) 18    (±5) 

Mud (% vol) 73    (±7) 86  (±9) 75  (±11) 84    (±9) 92    (±7) 85    (±9) 

Moisture (% mass) 45    (±8) 62  (±5) 47  (±14) 49    (±7) 60    (±8) 57    (±15) 

 

 

1
40
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Table 5.2 Spearman’s correlation coefficients of CSM derived erosion thresholds and mudflat 

sediment properties. (*) P values <0.05 n =11-13 

 

Table 5.3 Spearman’s correlation coefficients of CSM derived erosion thresholds and marsh 

sediment properties. (*) P values <0.05 n =11-13        

 Combined 

data  

Nutbourne 

marsh 

Itchenor 

marsh  

Bosham 

marsh 

Monthly bed elevation (mm) -0.173 -0.645 *  0.171 -0.301 

Particle size (D50) -0.024  0.117  0.552   0.248 

Clay concentration (% vol)  0.178 -0.017 -0.573   0.442 

Mud concentration (%vol) -0.061  0.383 -0.392  0.273 

Moisture content (% mass) -0.467 *  0.117 -0.373 -0.273 

Wet bulk density (g/cm
3
)  0.413 * -0.059  0.4778 -0.3 

Dry bulk density (g/cm
3
)  0.275  0.2  0.479  0.103 

Porosity  -0.276 -0.2 -0.474 -0.091 

Organic matter (% mass) -0.597 * -0.317 -0.189 -0.503 

 Combined 

data  

Nutbourne 

mud 

Itchenor mud  Bosham mud 

Monthly bed elevation (mm) -0.137 -0.727*  0.806*  0.023 

Particle size (D50)  0.231  0.033 -0.155  0.573  

Clay concentration (% vol) -0.069 -0.033  0.282  0.236 

Mud concentration (%vol) -0.369 -0.117  0.073  0.491 

Moisture content (% mass) -0.498* -0.233 -0.309  0.182 

Wet bulk density (g/cm
3
)  0.613*  0.326 -0.669* -0.456  

Dry bulk density (g/cm
3
)  0.591*  0.550 -0.024  0.321 

Porosity  -0.601* -0.550  0.024 -0.2 

Organic matter (% mass)  -0.522* -0.515  0.536*  0.1 
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5.2 Study sites 

5.2.1 West Itchenor mudflats 

The temporal variations in the mean erosion thresholds of the mudflats at West 

Itchenor show no trends with wide fluctuations in values ranging between 38 and 

343 Pstag (Pa) across the monitoring period (Figure 5.1A). Small scale spatial 

variations in erosion thresholds were observed with the exception of January and 

May (2014). The most prominent of these variations ranged between 38 and 343 

Pstag (Pa) in April (2014) and 38 and 253 Pstag (Pa) in February (2015). 

Temporal variations were observed in all sediment properties but were most 

notable in moisture content, particle size and clay and mud content. Average 

moisture content (Figure 5.1D) for the mudflats showed significant variations 

ranging between 37 and 67 % throughout the monitoring period with the highest 

values recorded in March and September (2014) and the lowest values observed 

in April and October (2014). Average particle size D50 variations ranged between 

12 and 50µm for the mudflat sediments (Figure 5.1E). The largest mean particle 

size D50 values for the mudflat were observed in October (2014) and February 

(2015) and the finest in March and April (2014). Average clay and mud content 

ranged between 12 and 26% and 60 and 87% respectively (Figure 5.1F). The 

highest mean clay and mud contents were recorded in March and April (2014) and 

March (2015), with the lowest percentage volumes observed in October (2014) 

and February (2015).  

Sediment pin data at this location predominantly recorded erosion between each 

monitoring period (Table 5.4). The highest levels of accretion were recorded 

between January and February in both (2014) and (2015). Accretion for this period 

during (2014) ranged between 14 and 24 mm with a mean value of 17 mm and in 

(2015) between 6 and 20 mm with a mean of 12 mm. Erosion, although recorded 

in most monitoring months, was most prominent in January and May (2014) and 

January (2015) with mean reductions of 13, 11 and 7 mm respectively.   

Overall bed elevation change of mudflats at West Itchenor since the beginning of 

the monitoring period is shown in Figure 5.1B. The general trend shows a lowering 

in bed elevation at the site indicating that the area was actively eroding throughout 
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the monitoring period. Similarities between elevation changes in January (2014) 

and (2015) are apparent with lower bed elevations in these months sharply 

increasing moving into February.   

Relationships between erosion thresholds and three of the key variables were 

observed for the mudflats with Spearman’s correlations (p <0.05) for; Monthly 

accretion/erosion (0.806), wet bulk density (-0.669) and organic matter (0.536) 

(Table 5.2). 
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Figure 5.1 West Itchenor mudflats A) CSM derived erosion thresholds. B) Overall bed elevation change from July 2013 datum point. C)Wet and dry bulk density (dry denoted by 

grey triangle.) D) Moisture content. E) Particle size D50. F) Mud (combined silt and clay fraction) and clay concentration (clay is denoted by grey triangle). G) Organic matter 

content (Loss on ignition). H) Porosity.   ±Standard deviations n = 5 
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Table 5.4 Average monthly accretion/erosion (mm) West Itchenor mudflats (± standard deviations) 

n = 5 

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion -13 (± 2) 17 (± 3) 1 (±5) -5 (±5) -11 (± 10) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  -1 (± 1) -4 (± 8) -0.75 (±7) -5 (±2) 1 (± 3) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  -1 (± 4) -7 (± 8) 11 (± 5) 3 (± 4) -3 (± 2) 

 

5.2.2 West Itchenor eroded marsh 

The true extent of the erosion thresholds of the eroded marsh could not be fully 

ascertained. For all monitoring months, with the exception of May (2014) and April 

(2015), at least one replicate exceeded the maximum capability of the CSM test 

setting (Figure 5.2 A). These higher thresholds were most apparent in June and 

September (2014) where four of the replicate tests exceeded the upper limits in 

the former and all replicates in the latter. No immediate temporal trend is apparent 

in the erosion thresholds throughout the monitoring period, any pattern may 

however have been masked by the lack of true erosion threshold.  

Small scale centimetre spatial variations in the erosion thresholds were apparent 

in each of the monitoring periods, with the exception of September where all 

replicates exceeded the test setting so variations could not be identified.  Large 

standard deviations were present in most months with the highest recorded in 

January, February, October and November (2014) where Pstag (Pa) values ranged 

between 146 and 490.  

Average moisture content variations in the eroded marsh sediment ranged 

between 33 and 58 %. The highest mean values were recorded in June (2014) 

and February (2015) and the lower end values observed in March and September 

2014 (Figure 5.2 D). Average particle size (D50) variations ranged between 10 

and 39µm throughout the monitoring period (Figure 5.2 E). The largest mean 

particle size D50 values were recorded during October (2014) and February 
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(2015) and the finest and in November (2014) and April (2015). The average clay 

and mud content of the eroded marsh sediments ranged 12.85 and 26 % (vol) and 

67 and 95 % respectively (Figure 5.2 F). The highest mean clay and mud contents 

were observed in June and November (2014) and April (2015), with the lowest 

contents observed in July (2014) and March (2015). 

The mean sediment pin measurements for Itchenor eroded marsh show largely 

accretion in the earlier part of the monitoring period, followed by a period of 

erosion and accretion in the latter (Table 5.5). Accretion was observed to be at its 

highest in November (2014) ranging between 4 and 16mm, with a mean of 9 mm. 

The highest mean levels of erosion were recorded in October (2014) of 8mm, 

ranging between 0 mm change and 15mm and in January (2015) of 19 mm 

ranging between 10 and 33mm. The latter measurements were however 

conducted over a two month time period. The overall bed elevation change of the 

West Itchenor eroded marsh since the beginning of the monitoring period is shown 

in Figure 5.2 B. Overall change at this location was predominantly an increase in 

bed elevation throughout (2014) however small scale spatial variations between 

sediment pins recorded some degree of erosion in most months. A significant and 

rapid drop in bed elevation is apparent between November and January (2015) 

after which elevations remain below the July (2013) level.  

No relationship between monthly erosion and accretion or sediment properties 

with erosion thresholds was apparent, with no sufficient p values recorded to 

validate any of the correlations (Table 5.3).  
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H) 

A) 

Figure 5.2 West Itchenor eroded marsh  A) CSM derived erosion thresholds. B) Overall bed elevation change from July 2013 datum point. C)Wet and dry bulk density (dry 

denoted by grey triangle.) D) Moisture content. E) Particle size D50. F) Mud (combined silt and clay fraction) and clay concentration (clay is denoted by grey triangle). G) Organic 

matter content (Loss on ignition). H) Porosity.   ±Standard deviations n = 5 
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Table 5.5 Average monthly accretion/erosion (mm) West Itchenor eroded marsh (± standard 

deviations) n = 5 

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion 2 (± 5) 4 (± 11) 6 (± 9) 8 (± 13) 5 (± 13) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  10 (± 10) 4 (± 5) 9 (± 7) 10 (± 9) 2 (± 14) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  11 (± 11) -8 (± 4) -1 (± 4) -3 (± 3) -9 (± 7) 

 

5.2.3 Bosham mudflats 

There was no clear trend apparent in the temporal variations in the erosion 

thresholds of the mudflats (Figure 5.3 A). The thresholds recorded were the lowest 

of all three sites at Chichester, with mean Pstag (Pa) all below 50 with the exception 

of February (2015). Significant variations in each of the sediment properties 

measured were observed at points throughout the monitoring period, yet these 

appeared to exert no compelling influence on erosion thresholds.   

Small scale variations in the erosion thresholds, although apparent at Bosham, 

were relatively minor in most monitoring months (Figure 5.3 A). The largest of 

these were present in February and June (2014). The larger standard deviations in 

these months were the result of a single higher test in these months, 146 Pstag (Pa) 

in February and 88 Pstag (Pa) in June. The remaining replicate tests during these 

two periods were of similar values to the means recorded in all other months, it is 

therefore possible that these single higher tests may not have been an accurate 

representation of the wider spatial variations.  

The mean moisture contents for the mudflat sediments ranged between 51 and 

69% (mass) with the highest values recorded in January and February (2015) and 

the lower end values observed in July (2014) and April (2015) (Figure 5.3 D). 

Average particle size (D50) ranged between 9.31 and 31.14µm for the mudflat 

sediments with the lowest mean size observed in April and September (2014) 

(Figure 5.3 E). Mean clay and mud contents for the mudflat sediments ranged 
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between 13 and 29% (vol) for clay and between 69 and 96% (vol) for mud (Figure 

5.3 F). The highest average concentrations of both clay and mud were recorded in 

April, May September and October (2014). The lowest mean concentrations were 

observed in July (2014) and April (2015) 

The mean sediment pin measurements for Bosham mudflats show a mixture of 

erosion and accretion throughout the monitoring period (Table 5.6). Higher levels 

of mean accretion were observed between June and July 2014 of 7 mm and 

between November (2014) and January (2015) of 6 mm.  Erosion appeared to be 

most prominent between November (2013) and January (2014) of 9 mm and 

between May and June (2014) of 5 mm. 

Overall bed elevation change of mudflats at Bosham is shown in Figure 5.3 B. A 

predominant accretionary trend is apparent within the area throughout the 

monitoring period. There are however significant small scale spatial variations 

between the sediment pins at this location as indicated by the larger standard 

deviations present.     

No relationship between erosion thresholds and individual sediment properties or 

erosion and accretion were apparent at this site, with no corellation showing 

sufficent p values observed for this site (Table 5.2).
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Figure 5.3 Bosham mudflats A) CSM derived erosion thresholds. B) Overall bed elevation change from July 2013 datum point. C)Wet and dry bulk density (dry denoted by grey 

triangle.) D) Moisture content. E) Particle size D50. F) Mud (combined silt and clay fraction) and clay concentration (clay is denoted by grey triangle). G) Organic matter content 

(Loss on ignition). H) Porosity.   ±Standard deviations n = 5 
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Table 5.6 Average monthly accretion/erosion (mm) Bosham mudflats (± standard deviations) n = 5 

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion -9 (± 14) 0 (± 9) 3 (± 6) 2 (± 5) -2 (± 6) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  -6 (± 11) 7 (± 14) -4 (± 4) 4 (± 3) 3 (± 2) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  1 (± 2) 6 (± 9) 2 (±2) -3 (± 1) -4 (±3) 

 

5.2.4 Bosham marsh 

Large temporal variations in the erosion thresholds were apparent throughout the 

monitoring period but observed no immediate trend (Figure 5.4 A). Mean erosion 

thresholds widely fluctuated with a range observed between 121 and 490 Pstag 

(Pa). The strength of the sediment exceeded the testing capabilities of the CSM in 

one test replicate in February, June, July (2014) and March (2015) and in all 

replicates in April (2015). The lowest mean erosion thresholds were recorded in 

November 2014 of 121 Pstag (Pa). Small scale variations in erosion thresholds 

were observed with the exception of April (2015) for which they could not be fully 

determined. These appear prominent in most monitoring months with the most 

significant ranges in Pstag observed in June (2014) between 56 and 490 and 

February (2015) between 56 and 417 Pstag (Pa).  

Average moisture contents in the saltmarsh sediments range between 37 and 68 

% with the highest levels recorded in September and October (2014) and the 

lowest values observed in January and April (2015) (Figure 5.4 D). Average 

particle size (D50) ranged between 6 and 20µm for the saltmarsh sediments 

(Figure 5.4 E). The largest mean particles sizes were observed in March and 

September (2014) and the smallest in February and April (2015). Mean clay and 

mud contents ranged between 17 and 33 % for clay and between 79 and 99 % 

respectively (Figure 5.4 F). The highest mean concentrations were observed in 

February and April (2015) and lowest in March, May and September (2014).  
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The mean sediment pin measurements for Bosham lower marsh show fluctuations 

between accretion and erosion throughout the monitoring period (Table 5.7). The 

mean values of erosion and accretion throughout the entire period range between 

18 mm of erosion and 21 mm of accretion. Accretion was found to be at its highest 

in January (2014) ranging between 7 and 28 mm with a mean of 13 mm and in 

March (2014) ranging between 0 and 54 mm with a mean of 21 mm. The highest 

levels of erosion were recorded in April (2014) ranging between 3mm of accretion 

and 54 mm of erosion with a mean value of 21 and in June (2014) ranging 

between 6 and 9 mm erosion with a mean of 11 mm. Spatial variations in erosion 

and accretion between sediment pins is present in most months, but appears to be 

less pronounced in the latter half of the monitoring period from September (2014) 

onwards.  

Overall bed elevation change of the Bosham Marsh since the beginning of the 

monitoring period is shown in Figure 5.4 B. A general increase in bed elevation is 

observed at this location throughout the monitoring period. Episodes of bed 

reduction are apparent throughout, however elevations above the July (2013) level 

are maintained throughout the whole period. Small scale variations in elevation 

between sediment pins are evident in every monitoring month. 

No relationship between monthly erosion and accretion or sediment properties 

with erosion thresholds were apparent, with no sufficient p values recorded to 

validate any of the correlations (Table 5.3).  
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Figure 5.4 Bosham marsh  A) CSM derived erosion thresholds. B) Overall bed elevation change from July 2013 datum point. C)Wet and dry bulk density (dry denoted by grey 

triangle.) D) Moisture content. E) Particle size D50. F) Mud (combined silt and clay fraction) and clay concentration (clay is denoted by grey triangle). G) Organic matter content 

(Loss on ignition). H) Porosity.   ±Standard deviations n = 5 
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Table 5.7 Average monthly accretion/erosion (mm) Bosham marsh (± standard deviations) n = 5 

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion 13 (± 10) -6 (± 16) 21 (± 24) -18 (± 26) 9 (± 13) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  -11 (± 6) 12 (± 7) -9 (± 5) 2 (± 2) 2 (± 2) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  6 (± 2) -10 (± 3) 10 (± 2) 1 (± 0) 1 (± 4) 

 

CSM derived erosion thresholds of the high marsh sediment were not obtained 

due to the strength of the sediment exceeding the CSM test capabilities. Bed 

elevation levels were however monitored to give an insight into the level of erosion 

and accretion within the high marsh system. The mean sediment pin 

measurements for Bosham High marsh throughout the monitoring period fluctuate 

between erosion and accretion (Table 5.8). The mean values throughout the entire 

period range between 8mm of accretion and 12 mm of erosion.   

The highest levels of accretion were observed during March (2015) of 8 mm and in 

February (2014) ranging between 2 and 9mm with a mean of 5 mm. Erosion was 

recorded at its highest levels in May (2014) ranging between 0 and 10 mm with a 

mean of 6 mm and during April (2015) with a mean value of 12 mm. The 

measurements at this location after July (2014) are based on a single sediment pin 

due to loss of original and replacement pins. 

 

 

 

 

 



 

155 

 

Table 5.8 Average monthly accretion/erosion (mm) Bosham high marsh (± standard deviations)      

n =5  

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion -1 (± 1) 5 (± 4) 0 (± 4) 4 (± 5) -6 (± 6) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  3 (± 6) -1 (± 3) -1 (± 0) 0 (± 0) 2 (± 0) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  0 (± 0) -3 (± 0) 2 (± 0) 8 (± 0) -12 (± 0) 

 

The overall bed elevation change for Bosham high marsh since the beginning of 

the monitoring period is shown in Figure 5.5. Although there appears to be 

episodes of increases and reductions in bed elevation the general trend of the 

data show a consistent increase in bed elevation over July (2013) measurements.  

 

 

Figure 5.5 Overall bed elevation change Bosham high marsh (± Standard deviation) n =1-3 

5.2.5 Nutbourne mudflats 

Temporal variations in erosion thresholds of the mudflats revealed no obvious 

trend, however the lowest values were recorded in the first three months of 

monitoring, all below 25 Pstag (Pa) after which the threshold values became 

consistently higher (Figure 5.6 A). Small scale spatial variations were apparent in 

every monitoring month. The least prominent of these spatial variations were 

recorded in the early part of the monitoring period, when the lowest mean Pstag 

(Pa) values were recorded. These small scale spatial variations appear to become 
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more prominent in the period after September 2014 with the largest ranges 

recording variations in replicate tests between 17 and 160 Pstag (Pa).  

The average moisture content variations ranged between 35 and 76% (Figure 5.6 

D). The highest mean moisture contents were recorded in May and September 

(2014), with the lowest observed in March and April 2015. Mean particle size 

(D50) values ranged between 17 and 60µm for mudflat sediments (Figure 5.6 E) 

The largest mean particle sizes were recorded in November (2014) and March 

(2015) with smallest observed in March and April (2015). Average clay and mud 

concentrations for the Nutbourne mudflat sediments ranged between 6 and 22 % 

(vol) for clay and between 53 and 90 % (vol) for mud (Figure 5.6 F).The highest 

mean concentrations of clay and mud were recorded in June, September and 

October (2014) and the lowest concentrations observed in November (2014) and 

March (2015).  

The mean sediment pin measurements for Nutbourne mudflats show 

predominantly erosion (Table 5.9). The highest mean level of accretion of 47 mm 

was recorded between the November (2013) and January (2014), with a range 

between 34 and 61 mm accretion during this period. Erosion was recorded in 11 of 

the monitoring months, with this most prominent between October and November 

(2014) of 16 mm and February and March (2015) of 9 mm. The overall bed 

elevation change in the Nutbourne mudflats since the beginning of the monitoring 

period is shown in Figure 5.6B. The bed elevation shows an initial rapid increase 

between November (2013) and January (2014) which appears to be maintained 

and is relatively stable throughout the majority of 2014. From October onwards 

however a general trend of erosion becomes evident. Small scale variations in bed 

elevation change between the sediment pins were evident in each of the 

monitoring months but appear less prominent as from October (2014) onwards.  

No relationships between erosion thresholds and individual sediment properties 

were idenitified. There was however a strong negative Spearmans correlation 

between erosion thresholds and monthly accretion/erosion (-0.727) 

(p<0.005)(Table 5.2)
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Figure 5.6 Nutbourne mudflats A) CSM derived erosion thresholds. B) Overall bed elevation change from July 2013 datum point. C)Wet and dry bulk density (dry denoted by 

grey triangle.) D) Moisture content. E) Particle size D50. F) Mud (combined silt and clay fraction) and clay concentration (clay is denoted by grey triangle). G) Organic matter 

content (Loss on ignition). H) Porosity.   ±Standard deviations  n=5 
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Table 5.9 Average monthly accretion/erosion (mm) Nutbourne mudflats (± standard deviations) 

n=5. 

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion 47 (± 11) -1 (± 10) 3 (± 7) -3 (± 4) 2 (± 9) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  -6 (± 2) -6 (± 9) 8 (± 4) -2 (±5) 3 (± 8) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  -16 (± 8) -5 (± 9) -1 (± 3) -9 (± 2) -8 (± 6) 

 

5.2.6 Nutbourne marsh 

Temporal variations in the erosion thresholds of the saltmarsh at Nutbourne 

observed no immediate trends,  with a significant range in mean Pstag (Pa) values 

between 40 and 416 were recorded (Figure 5.7 A). The erosion thresholds of the 

sediment exceeded the capability of the CSM test setting in one of the replicate 

samples in four periods; January, February, June and September (2014) and in 

two of the tests in March (2015). The lowest thresholds values were observed in 

May of 40 Pstag (Pa) and July 61 Pstag (Pa). Small scale spatial variations observed 

appeared to be prominent in most months. The most significant of these were 

observed in June and September (2014) with values ranging between 56 and 490 

Pstag (Pa) for both months. 

The average moisture contents of the saltmarsh sediments ranged between 22 

and 75 % (Figure 5.7 D). The highest mean concentrations were observed in 

September and October (2014) with the lowest values recorded in May (2014) and 

January (2015). Mean particle size (D50) values ranged between 12 and 75µm for 

the saltmarsh (Figure 5.7 E). The largest mean particle sizes were recorded in 

September (2014) and March (2015) and the smallest in May (2014) and January 

(2015) for the saltmarsh. The average clay and mud concentrations of the 

saltmarsh sediment ranged between 9 and 25 % and between 61 and 97 % 

respectively (Figure 5.7 F). The highest concentrations were noted in October 

(2014), January and April (2015), with the lowest values recorded in September 

(2014).  
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The mean sediment pin measurements at Nutbourne marsh show fluctuations 

between erosion and accretion throughout the monitoring period (Table 5.10). The 

mean accretion and erosion values ranged between 14 mm accretion and 17 mm 

erosion for the entire period. Spatial variations in erosion and accretion between 

sediment pins were present in most months. Accretion measurements were at the 

highest during May (2014) ranging between 2 and 30 mm with a mean value of 14 

mm. The highest levels of erosion were observed in February (2015) ranging 

between 3 and 46 mm reduction in bed level with a mean of 17 mm. Overall bed 

elevation of the Nutbourne marsh is shown in Figure 5.7 B. Initial reductions 

against July (2013) bed elevations are observed until May (2014), where a rapid 

increase is then recorded.  Bed elevation remains above the July (2013) figure 

until February (2014) after which bed elevations are reduced.  

No relationships between erosion thresholds and individual sediment properties 

were idenitified. A strong negative Spearmans correllation however was idenfited 

between erosion thresholds and monthly accretion/erosion (-0.645) (p<0.005) 

(Table 5.3). 
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Figure 5.7 Nutbourne marsh  A) CSM derived erosion thresholds. B) Overall bed elevation change from July 2013 datum point. C)Wet and dry bulk density (dry denoted by grey 

triangle.) D) Moisture content. E) Particle size D50. F) Mud (combined silt and clay fraction) and clay concentration (clay is denoted by grey triangle). G) Organic matter content 

(Loss on ignition). H) Porosity.   ±Standard deviations n = 5 
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Table 5.10 Average monthly accretion/erosion (mm) Nutbourne marsh (± standard deviations) n=5. 

      

 Jan-14  Feb -14 Mar-14 Apr-14 May-14 

Accretion/erosion -14 (± 10) -7 (± 7) -1 (± 3) -2 (± 4) 2 (± 13) 

 Jun-14 Jul-14 Aug-14 Sept-14 Oct-14  

Accretion/erosion  -8 (± 3) 1 (± 5) -19 (± 9) -9 (± 11) 0 (± 4) 

 Nov-14  Jan-15  Feb-15  Mar-15  April-15 

Accretion/erosion  -13 (± 9) -22 (± 17) -43 (± 22) 0 (± 1) -4 (± 3) 

 

Further monitoring of the position of three marsh cliff sections using laterally fixed 

sediment pins commenced in March (2014) and recorded a general trend of 

erosion (Figure 5.8). The greatest recession was observed in Pin 1 with a lateral 

recession in the marsh at this point of 1914 mm between March (2014) and 

November (2014) after which point the pin was lost. The largest erosion values for 

this pin were noted in September and November with losses of 522 mm and 840 

mm respectively. The section of marsh represented by pin 2 recorded a lateral 

recession of 681 mm by January (2015). The largest erosion values at this section 

of marsh were observed in September with a recession of 250 mm and in January 

a recession of 295 mm against prior months. The final section of marsh 

represented by pin 3 recorded an overall lateral recession of 480 mm by 

November (2014). The largest erosion values observed were during July with a 

recession of 242 mm and in November with a recession of 186 mm.   
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Figure 5.8 Erosion and accretion sediment pin measurements within monitoring periods, lateral 

marsh cliff. 

5.2.7 Further statistical analysis of CSM erosion thresholds 

Statistical analysis was undertaken to compare the differences in the CSM data 

both within and between sites and between sampling periods.  As the data is not 

of a normal distribution the non-parametric tests Mann Whitney and Kruskal-Wallis 

were used.  

Mann Whitney tests were performed to draw any comparisons between mudflat 

and saltmarsh CSM data for each site and are shown in Tables 5.11 – 5.13.  

Comparisons of West Itchenor mudflat and eroded marsh CSM data show 

statistically significant difference in most months with the exception of October and 

November 2014 (Table 5.11).  
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Table 5.11 Mann Whitney test West Itchenor mudflat vs eroded marsh 

 n w p 

Jan 14 * * * 

Feb 14 8 15 0.0347 

Mar 14 8 10 0.0294 

May 14 * * * 

Jun 14 9 10 0.0151 

Jul 14 10 15 0.0122 

Sep 14 * * * 

Oct 14 10 19 0.0928 

Nov 14 9 17 0.5369 

Feb 15 10 15.5 0.0157 

Mar 15 8 15 0.0369 

Apr 15  10 15 0.0117 

* Denotes all values identical  

Comparisons between Bosham CSM data identify statistically significant 

differences in just over half of the sampling periods between the mudflat and 

saltmarsh, with sufficient p values generated in 7 of the monitoring months (Table 

5.12).  

Table 5.12 Mann Whitney test mudflat vs saltmarsh Bosham 

 n w p 

Feb 14 6 7 0.1904 

Mar 14 10 15 0.0095 

May 14 8 10 0.0294 

Jun 14 7 7 0.1116 

Jul 14 9 15 0.0189 

Sep 14 9 15 0.02 

Oct 14 10 15.5 0.0147 

Nov 14 9 15 0.0175 

Feb 15 8 6.5 0.0512 

Mar 15 6 6 0.0809 

Apr 15  * * * 

* Denotes all values identical  

CSM data comparison at Nutbourne identify statistically significant differences 

between the mudflat and saltmarsh in only 5 of the monitoring months, with 

insufficient p values in all other months to suggest any differences (Table 5.13).   
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Table 5.13 Mann Whitney test mudflat vs saltmarsh Nutbourne 

 n w p 

Jan 14 10 15 0.0109 

Feb 14 10 15 0.0112 

Mar 14 9 15 0.0146 

May 14 7 12.5 1 

Jun 14 10 27.5 1 

Jul 14 10 32.5 0.3428 

Sep 14 9 23 0.7110 

Oct 14 10 17 0.0345 

Nov 14 10 18.5 0.0714 

Feb 15 10 15 0.0119 

Mar 15 10 10 0.0518 

 

Kruskal-Wallis tests were performed using the combined data sets from each of 

the three sites, over the full duration and during each sampling period, to 

determine if there were any differences between the CSM data between sites.  

Statistical analysis of the total data set (Table 5.14) identify statistically significant 

differences between the sites in both mudflat and saltmarsh CSM test data, with p 

values of <0.0001.  Post-hoc pairwise comparison test identify key differences with 

a significance <0.05 between all three of the mudflat sites and between the eroded 

marsh at West Itchenor and the other two saltmarsh sites.  

Table 5.14 Kruskal-Wallis tests combined Chichester CSM data between sites 

 n df H P 

Mud total 152 2 67.04 <0.001 

Marsh total 151 2 30.69 <0.001 

 

During each sampling period of mudflat CSM data statistically significant 

differences were identified in seven of the monitoring months (Table 5.15). Post-

hoc pairwise comparison tests to idenitfy the specific sites that observed 

differences during these monitoring months are shown in Table 5.16 
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Table 5.15 Kruskal-Wallis tests Chichester Harbour mudflat sites 

 n df H p 

Jan 14 10 1 8.04 0.005 

Feb 14 13 2 8.94 0.011 

Mar 14 10 1 0.02 0.881 

May 14 9 2 5.63 0.06 

Jun 14 12 2 4.74 0.094 

Jul 14 15 2 9.07 0.011 

Sep 14 15 2 2.72 0.256 

Oct 14 15 2 8.46 0.015 

Nov 14 14 2 9.85 0.007 

Feb 15 13 2 4.76 0.093 

Mar 15 12 2 9.69 0.008 

Apr 15  10 1 7.87 0.005 

 

Table 5.16 Post-hoc pairwise comparison tests Chichester Harbour mudflat sites 

Monitoring Month Sites Significance 

Febraury 2014 Nutbourne- West Itchenor 0.008 

July 2014 Bosham – West Itchenor 0.013 

October 2014 West Itchenor – 

Bosham/Nutbourne 

0.035 

November 2014 Bosham – West Itchenor 0.005 

March 2015 Bosham – West Itchenor 0.007 

* Note that January 2014 and April 2015 are excluded as data only from two sites in these months 

During each sampling period of saltmarsh CSM data statistically significant 

differences were only identified in three of the monitoring months (Table 5.17). 

Post-hoc pairwise comparison tests to idenitfy the specific sites that observed 

differences during these monitoring months are shown in Figure 5.18. 
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Table 5.17 Kruskal-Wallis tests Chichester Harbour saltmarsh sites 

 n df H p 

Jan 14 8 1 1.09 0.297 

Feb 14 11 2 1.14 0.564 

Mar 14 14 2 5.02 0.081 

May 14 12 2 8 0.018 

Jun 14 14 2 2.29 0.318 

Jul 14 15 2 10.38 0.006 

Sep 14 12 2 4.46 0.107 

Oct 14 15 2 4.6 0.100 

Nov 14 14 2 3.34 0.188 

Feb 15 15 2 5.67 0.059 

Mar 15 9 2 0.83 0.659 

Apr 15  8 1 5.25 0.022 

 

Table 5.18 Post-hoc pairwise comparison tests Chichester Harbour saltmarsh sites 

Monitoring Month Sites Significance 

May 2014 Nutbourne – Bosham 0.036 

July 2014 Nutbourne and West Itchenor 0.016 

* Note that April 2015 is excluded as data only from two sites in these months 

 

5.2.8 Clay mineralogy  

Clay mineral proportions were estimated using the XRD techniques described in 

Chapter 3. The following clay mineral suites were found to be present in the clay 

size fraction of the sediment at all sites in Chichester Harbour; smectite, chlorite, 

illite and kaolinite (Appendix 1). Non clay mineral quartz was also observed in the 

clay fraction of the sediment. Ethylene glycol treatments (3.4.4) confirmed the 

presence of smectite clay minerals in sediments with diffraction peak shifts 

towards 16.9Å observed in the glycolated diffraction pattern, which is characteristic 

001 peak of this clay mineral (Moore and Reynolds 1997). Heat treatments at 

550oC confirmed the presence of kaolinite alongside chlorite with destruction of all 

kaolinite peaks and significant reduction of chlorite peaks near 7.03Å and 4.7Å. 

The destruction of the peak at 2.38Å is a significant indicator of kaolinite as this is 

one of the few peaks that is not shared with a characteristic chlorite peak. Rietveld 
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quantification gave an indication of the concentrations of the clay mineral groups 

present in the sediment from each site (Table 5.19). 

Table 5.19 Rietveld quantification of clay minerals and Quartz present in the clay fraction of the 

samples (values given in %). 

 Smectite  Kaolinite  Illite Chlorite Quartz 

West Itchenor mudflat 22.17 13.39 21.67 4.1 38.67 

Bosham mudflat 13.9 33.6 35.2 0 17.3 

Nutbourne mudflat 17.5 30.25 36. 0 16.25 

West Itchenor eroded 

marsh 

13.45 39.45 40.85 0.05 6.2 

Bosham marsh 12.7 32.55 40.45 0 14.3 

Nutbourne marsh 14 19.65 35.9 0 30.45 

 

5.3 Discussion  

5.3.1 Spatial and temporal variations in the erosion thresholds of 

Chichester Harbour 

Key differences in the stability of the intertidal cohesive sediments at Chichester 

Harbour were identified throughout the field study and highlight a significant 

degree of variation in the temporal and spatial changes in the erosion thresholds, 

both between and within each of the study sites. The nature of variation in the 

surface stability of the sediment indicates that there are fundamental differences in 

the driving mechanisms of temporal and spatial variations in erosion between each 

of the three sites. The discussion explores the relationships identified with the key 

variables measured throughout the study and considers site specific factors that 

may offer further explanation for the observed temporal and spatial variations in 

erosion thresholds.  

5.3.1.1 Statistically significant differences between mudflat and saltmarsh 

CSM data 

Comparisons of CSM data at each site identify statistically significant differences 

between the mudflat and saltmarsh during a number of the monitoring periods 

(Table 5.13). This is most prominent at West Itchenor with these differences 

notable in most monitoring months. The contrast between the mudflat and eroded 

marsh is highly evident at this site (Figure 5.10 and 5.11), with the latter appearing 

more consolidated and containing extensive detrital marsh plant root material 
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(Section 5.3.4). It is therefore unsurprising that statistical differences are evident 

between the mudflat and eroded marsh largely throughout the monitoring period at 

this site.  

Of the three sites Nutbourne shows the least number of monitoring months were 

statistically significant differences were evident (Table 5.13). These are largely 

confined to the earlier stages of the monitoring period with the exception of 

October 2014 and February 2015. The saltmarsh at Nutbourne is actively 

degrading and the marsh system was observed to be transitioning to a more 

mudflat like environment from April 2014 onwards (Section 5.3.6). This is possibly 

the reason why this site has a higher number of sampling periods where no 

difference between saltmarsh and mudflat CSM data could be identified.  

5.3.1.2 Statistically significant differences between Chichester sites CSM 

data 

Comparison of the overall CSM data for Chichester also identifies clear statistical 

differences between each of the sites for both mudflat and saltmarsh (Table 5.14). 

This is to be expected as the sites vary considerably in terms of topography, 

degree of shelter and position within the harbour (Figure 3.10). Further statistical 

analysis identified that these differences between mudflat sites were evident 

during most sampling periods (Table 5.15). The post-hoc analysis identifies the 

mudflats at West Itchenor as the key significant different site. The mudflat area at 

this site can be considered more dynamic due to its location in the harbour. The 

site is situated in a key navigation channel and receives limited shelter from wind 

and wave set up in comparison to the other two sites (Figure 5.9). It is therefore 

probable that this is a key factor influencing the observed differences between the 

mudflats at this site and the remaining sites.  

The statistical differences observed between the saltmarsh sites were not as 

apparent as the mudflat sites, with differences noted in only four of the monitoring 

months (Table 5.17).  The key differences were between Nutbourne and the 

remaining sites, of which there was no obvious cause apparent. 

5.3.2 Sediment properties and erosion thresholds 

Sediment properties, such as bulk density, particle size and moisture content are 

often considered to be a fundamental factor in sediment stability (Stephens et al., 
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1992; Whitehouse et al., 2001; Van Der Wal and Pye, 2004; Bale et al., 2007; 

Grabowski et al., 2011). These key sediment properties however could not fully 

explain the variations in erosion thresholds observed at Chichester Harbour.  

The only site to show any relationship between individual sediment properties and 

erosion thresholds were the mudflats at West Itchenor, where correlations with 

organic matter and wet bulk density were observed (Table 5.2). A relationship with 

organic matter could be anticipated as this component of the sediment is known to 

have a stabilising role within cohesive sediments, with higher contents found to 

result in higher erosion thresholds (Grabwoski et al., 2011). The strong negative 

correlation with wet bulk density at this sub-site is more unexpected and may be 

related to some rheological aspect of the sediment, as higher bulk densities are 

generally associated with larger erosion thresholds (Jepsen 1997, Grabowski et 

al., 2011). No further influence of individual sediment properties was evident in the 

remaining mudflat or saltmarsh sites (Table 5.2 and Table 5.3). 

Moderate to strong correlations with a number of sediment properties are however 

observed under the combined data set of the three sites (Table 5.2 and Table 5.3), 

this however does not account for the nature of variation between the sites and as 

such is not likely to be an accurate reflection  

Relationships between sediment properties and erosion thresholds are generally 

observed under laboratory conditions where the influence of individual properties 

can be isolated (Jepsen et al., 1997; Panagiotopoulos et al., 1997). The natural 

environment is however more complex so it is unsurprising that clear relationships 

between individual sediment properties and erosion thresholds were not apparent 

in the remaining sites. Interactions between various sediment properties in the 

natural environment most likely lead to a combined influence which may exert a 

stronger control on stability than that of an individual component. The possibility of 

combined effects of two or more sediment properties on the observed temporal 

and spatial variations becomes apparent when considering the ranking order of 

the mean sediment properties from each site (Table 5.20 and Table 5.21).  

The mudflat site at Bosham consistently recorded the lowest erosion thresholds of 

all three sites and when considering the sediment property ranking was the least 
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consolidated (Lowest wet and dry bulk density), had the smallest particle size, 

highest clay, mud, moisture and organic content and the highest porosity. 

Although a greater degree of stability may be anticipated with higher clay, mud 

and organic contents, a smaller particle size combined with higher moisture 

content and lower bulk density may mean that sediment with a greater fine fraction 

under such conditions may be more susceptible to erosion (Mehta et al., 1989; 

Berlamont, 1993; Teisson et al., 1993; Toorman and Berlamont, 1993; Torfs et al., 

1996). It is therefore possible that the lower erosion thresholds observed at this 

site were a result of the coupled effects from two or more of these properties. 

Although this does not necessarily translate in the ranking order for the other sites, 

it indicates that the influence of combined sediment properties as drivers in 

sediment stability requires consideration.  

Table 5.20 Overall mean mudflat sediment property ranking  

Sediment property Highest/Largest Intermediate Lowest/Smallest 

Particle size (D50) Nutbourne Itchenor Bosham 
Clay content (% Vol)  Bosham Itchenor Nutbourne 
Mud content (% Vol) Bosham Itchenor Nutbourne 
Moisture content  
(% mass) 

Bosham Itchenor Nutbourne 

Wet bulk density (g/cm
3
) Nutbourne Itchenor Bosham 

Dry bulk density (g/cm
3
) Itchenor Nutbourne Bosham 

Porosity Bosham Nutbourne Itchenor 
Organic content (%mass) Bosham  Itchenor Nutbourne 

 

Table 5.21 Overall mean saltmarsh sediment property ranking 

Sediment property Highest/Largest Intermediate Lowest/Smallest 

Particle size (D50) Nutbourne Itchenor Bosham 
Clay content (% Vol)  Nutbourne Itchenor Bosham 
Mud content (% Vol) Bosham Nutbourne Itchenor 
Moisture content 
 (% mass) 

Bosham Nutbourne Itchenor 

Wet bulk density (g/cm
3
) Itchenor Bosham Nutbourne 

Dry bulk density (g/cm
3
) Nutbourne Itchneor Bosham 

Porosity Bosham Itchenor Nutbourne 
Organic content (%mass) Bosham  Nutbourne Itchenor 

 

Stepwise multiple regression confirmed a combined sediment property influence 

on erosion thresholds in two of the three sites (Table 5.22). Of the models 

produced, p values were only sufficient for West Itchenor mudflats and the sites at 

Bosham. The model for West Itchenor shows a significant amount (75.85%) of 



 

171 

 

variability in the CSM data can be explained by a combined negative relationship 

with wet bulk density and a positive with organic matter content at the site. The 

model for Bosham mudflats highlights a more complex relationship with sediment 

properties where a significant amount (84.24%) of the variability in the CSM data 

can be explained by negative relationships with particle size and mud content and 

positive with dry bulk density and porosity. The relationship with clay and mud 

content at Bosham saltmarsh was more moderate with only 47.74 % of the 

variation in the CSM data explained by the combination of these two properties. 

The coupled influence of sediment properties can therefore be identified as a 

considerable driver of erosion thresholds at two of the sub sites, but do not provide 

a consistent explanation for the variations observed across the harbour as a 

whole.  

Table 5.22 CSM and sediment properties multiple regression  

Location Regression equation P value  R-sq (adj) 

West Itchenor mudflat CSM average =  782 - 482 wet bulk 
density +30.17 organic matter  

 

0.03                                               75.85 % 

West Itchenor eroded 
marsh  

CSM average = 625 - 11.31 clay 
content 

0.105                                             18.35 % 

Bosham mudflat CSM average = -3946 - 4.098 particle 
size – 3.276 mud content + 1525 dry 
bulk density + 44.0 porosity  

0.007                                      84.24 %  

Bosham saltmarsh CSM average = 886 + 27.86 clay 
content – 14.38 mud content 

0.043                                            47.74 % 

Nutbourne mudflat No terms in model  

 

* * 

Nutbourne saltmarsh  No terms in model 

  

* * 

 

5.3.3 Bed elevations change and erosion thresholds 

Bed elevation monitoring was initially conducted to give an insight into 

geomorphological change over the three sites in an attempt to understand the 

extent of erosion and accretion over the study period. The influence of such 

changes on erosion threshold was further considered as aspects of variations in 
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bedform structures, such as crests and troughs in intertidal mudflats have been 

observed to influence temporal and spatial variations in past studies (Blanchard et 

al., 2000; Lanuru et al., 2007). Although such geomorphological features were 

avoided during CSM testing throughout the study, strong to very strong correlation 

between erosion thresholds and monthly bed elevation change were observed at 

two sites. The marsh and mudflat at Nutbourne and mudflat at West Itchenor all 

observe correlations with monthly bed elevation changes, however the 

relationships are the reverse at each of the sites, with high Pstag (Pa) values linked 

to accretion at West Itchenor and erosion at Nutbourne (Table 5.2 and Table 5.3). 

This contrast in the relationship with monthly bed elevation change between the 

two sites is further discussed (7.1.3).  

The relative importance of sediment properties and geomorphological change on 

the influence of erosion thresholds is clearly variable throughout the harbour. 

Consequently processes and sediment characteristics that exert a control over 

erosion thresholds in one particular site are not necessarily applicable over the 

harbour as a whole, therefore further aspects of the individual sites require 

consideration.  

5.3.4 West Itchenor study site 

The position of this site within Chichester Harbour (Figure 3.9 A) likely exerts an 

influence on the cycling of the sediment at West Itchenor. The site is located on 

the southern shore of the main navigational channel within the harbour where 

nautical traffic is significantly higher in comparison to the other sites. Vessel 

generated waves have been previously identified as a factor in saltmarsh erosion 

(Houser, 2010). The resulting wake from the increased boat traffic in this area, 

which was observed during monitoring periods, will therefore likely have an effect 

on remobilisation of sediment, however to what extent remains unclear.  

The sediment is also susceptible to remobilisation from wind and wave action due 

to the positioning of the site in relation to the channel. The remobilisation of 

intertidal sediment due to wind and wave set up is well supported in the literature 

(Burgess, 2004; French et al., 2008). Wave set up associated with prevailing wind 

directions, South West, (Figure 5.9) will likely see eroded sediment exported 

towards the direction of the channel and potentially redistributed within the 
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channel. The lack of saltmarsh at the site likely further exacerbates this due to its 

wave dissipation ability (Haslett, 2000; Cooper et al., 2001).  

Figure 5.9 West Itchenor field site. Arrow denotes prevailing wind direction from South West, 

triangle denotes study site.  
 

The effects of both meteorological and vehicle induced wave set up most likely 

exert some degree of influence on the temporal and spatial observations in 

erosion thresholds observed at this site.  

The upper zone of eroded marsh area consists of hummocks of highly 

consolidated former marsh sediment dissected by small creek networks which 

have a more mudflat character (Figure 5.10). The hummocks contain a significant 

concentration of detrital plant root material and what appear to be former roots of a 

cord grass, possibly Spartina Anglica which are clearly acting as binding influence 

on the sediment in this zone (Velde and Church, 1999; Allen, 2000; Thomas and 

Ridd, 2004).  

Contrary to the accretion measurements in the eroded marsh zone (Table 5.7 and 

Figure 5.9), the area is actively eroding and the sediment pin measurements do 

not give an accurate reflection of the nature of change throughout the whole area. 

The accretionary measurements recorded do not account for the under cutting 

erosion of the cliffs of the hummocks which is leading to eventual block failure 

(Figure 5.11). This has resulted in cobble and boulder size clasts of this sediment 

removed from these hummocks which are also being redistributed through 

bedload transport, generally associated with non-cohesive sediment processes 

(McNally and Mehta 2009). These large blocks of sediment, when transported 
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onto the mudflat, will further affect sediment stability due to disturbance of the 

surface by movement of this material. 

     
Figure 5.10 West Itchenor eroded marsh 

 

 
Figure 5.11 Eroded marsh cobbles and boulders West Itchenor 
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The cause of the saltmarsh erosion at this location remains unclear as 

approximately 200m east of the location lies a saltmarsh system, which, although 

it has experienced some erosion, remains extensive and relatively healthy. To the 

west of the location, approximately 200 m, Spartina Anglica appears to be 

recolonising the area. There is no evidence of colonisation of new saltmarsh 

vegetation in the hummock areas and due to the level of consolidation it is unlikely 

to occur in the near future. The degree of consolidation, alongside the binding 

effects of relic roots systems are likely the key driving forces behind the higher 

erosion thresholds recorded in the eroded marsh area.  

5.3.5 Bosham study site 

The site is located at the upper reaches of the harbour and provides ideal 

quiescent conditions for fine sediment deposition, which is reflected in the higher 

mean mud and clay concentration and smaller particle sizes. The surrounding 

topography of the site acts as a semi enclosed system in its own right. The area of 

high marsh provides shelter from wind and wave set up from the main channel, 

with tidal access initially funnelled through a single channel (Figure 5.12). The 

lower erosion thresholds in the mudflat sediments at this site are likely related to 

these geomorphological characteristics.    

Evidence of erosion of what would have previously been a high marsh system is 

present throughout the site, with relic hummocks present, and small islands of 

marsh which are visibly being undercut (Figure 5.13). This high marsh likely 

covered most of the area but has been degrading for some time now as the 

system reverts back to a mudflat and low marsh system, with Spartina Anglica 

colonisation apparent within the lower elevations. It is most likely that the 

degradation of the high marsh system is in part a response to coastal squeeze, 

where fixed structure sea defences present at the edge of the site are preventing 

marsh retreat (Doody, 2013). 

The site is likely a net importer of fine sediment, which is reflected in the increased 

bed elevation observed throughout the monitoring period (Figure 5.3B). The semi 

enclosed nature of the site will play a role in restricting sediment export into the 

main section of the Harbour. Unlike the mudflat at West Itchenor which can be 

susceptible to export of fine sediment further into the channel, the bulk of eroded 
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high marsh sediment redistribution is likely restricted to within the site itself due to 

its semi enclosed morphology. 

 
Figure 5.12 Bosham field site aerial view (red arrow denotes prevailing south westerly wind 

direction). 

 

 
Figure 5.13 Bosham high marsh erosion 
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A biological influence on the sediment stability is also quite possible at this 

location. Large numbers of the crustacean amphipod Corophium Volutator were 

frequently observed within the mudflats at this site. Although they appeared to 

bear no influence on the overall Pstag (Pa) values, these organisms were 

occasionally responsible for aborted tests. During a number of CSM tests the 

water chamber was found to have completely emptied by the end of the test run, 

which appeared to be unique to this location. Further observation revealed that the 

burrowing networks of the organisms where so extensive in places allowing the 

water in the chamber to permeate through the sediment (Figure 5.14). 

Replacement CSM tests were carried out in these instances.                               

 
Figure 5.14 Burrowing networks in mudflat sediment in Bosham 

 

No other obvious factors, such as biological or geomorphological influence, were 

apparent in driving the temporal and spatial differences in erosion thresholds 

observed in the saltmarsh at Bosham 

5.3.6 Nutbourne study site 

Temporal variations in erosion thresholds at this location showed a significant 

relationship with erosion and accretion in the area (Table 5.1 and Table 5.2). The 

Burrows 
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degradation of the marsh system in particular played a clear role in the temporal 

and spatial variations in erosion thresholds observed at this location.  

Large volumes of seaweed present on the mudflats through the monitoring period 

were a further factor which would have had implications on surface stability of the 

sediment due to movement during tidal inundation. 

Evidence to suggest the deterioration of the marsh system became evident at the 

early stages of monitoring and appeared to be a result of the winter storms of 

2013/14. Prominent marsh cliff boundaries at the intersection between the 

saltmarsh and mudflat environment were first observed during February 2014. 

Vertical sediment pins, inserted to ascertain the extent of any lateral recession of 

the marsh, were able to provide interesting insights into geomorphological change 

of the site (Figure 5.15 and Figure 5.16).  

Only minor changes in the lateral extent of the marsh cliffs were observed in the 

first months of monitoring (Figure 5.8). Measurements in June indicated that 

significant recession of the marsh sediment had occurred around one of the 

sediment pins, with an overall loss of 84 mm recorded of which 71 mm had 

occurred in the past month. Further inspection along the entire length of the marsh 

found a large number of the common shore crab Carcinus Maenas had begun to 

burrow into the sides of the marsh cliffs, having a negative impact on cliff stability. 

The following months throughout the summer found significant recession of the 

marsh cliffs with losses ranging between 244 mm and 926 mm observed by 

September. Monitoring of the lateral marsh erosion concluded in January (2015) 

by which time the marsh had receded between 480 mm and 1914 mm in under a 

year with the largest losses of 522 mm and 840 mm noted in September and 

November respectively.  

Although not the sole cause of the marsh cliff recession, the influence of 

bioturbation on erosion was a key factor in the acceleration of this process and 

has been witnessed in previous studies (Botto and Iribarne, 2000).  Escapa et al.’s 

(2007) study of the effects of crab activities in SW Atlantic saltmarsh suggest that 

intensive burrowing can disrupt the cohesive nature of the sediment structure 

leading to redistribution of significant volumes of material which is more 
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susceptible to erosion. In the months that the crabs were abundant their burrowing 

activity had acted to destabilise the structure of the marsh cliffs making them more 

susceptible to collapse, erosion and redistribution due to tidal and wave 

processes. 

 

 
Figure 5.15 Nutbourne saltmarsh cliffs and lateral sediment pins March 2014  

 

Erosion from the marsh cliffs resulted in the transfer of cobble and boulder size 

clasts of marsh sediment on to the mudflats, exposing the underlying more 

consolidated, previous clay rich intertidal sediments from below the marsh. The 

movement of this material into the mudflats would have had implications for 

sediment stability and bed elevation within this zone, such as effects of bedload 

transport of smaller clasts during tidal inundation, and incorporation of new 

sediment supply to the mudflats. It is possible that the increased erosion 

thresholds and larger small scale variations observed in the mudflats from May 

(2014) (Figure 5.5A) were linked to the period of accelerated lateral cliff recession 

(Figure 5.8). 

Sediment 
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Evidence of continuing mass erosion was present throughout this zone with the 

appearance of numerous crack formations in the saltmarsh cliffs (Figure 5.16) 

characteristic of local failure within these features (Section 2.9). 

 
Figure 5.16 Crack formation and local failure in saltmarsh cliffs Nutbourne 

 

In several areas of the marsh cliff zone the removal of large central blocks of 

sediment appeared to coincide with the narrow creek structures that were 

developing within the system and dissecting the marsh (Figure 5.17). It is unclear 

if the removal of these sections acted like a breach in the system leading to the 

development of these creeks due to regular tidal scour. Alternatively it is possible 

that failure of these particular sections has then been exploited by existing creeks 

as a preferential drainage pathway, either way it is highly likely that some 

relationship exists between these two features. 

 

Crack 

formations 



 

181 

 

 
Figure 5.17 Nutbourne saltmarsh cliff and creek channel development September 2014 

 

Erosional features were also evident further back into the marsh, with scour 

features present, possibly representative of early stage creek development 

extending to higher elevations within the marsh (Figure 5.18A). Creek evoloution 

and development is generally associated with topographic factors, nature and 

compositon of the sediment and hydraulic controls in the area (Allen, 2000; 

Fagherazzi, 2001; Crooks et al., 2002; Wolters et al., 2005a), however new 

developments in marsh settings can also be associated with biological factors 

(Minkoff et al., 2006). It is therefore possible that vegetation dieback and 

bioturbation in conjuction at Nutbourne may be key factors in the development and 

evoloution of small creek channels within the marsh. The presence and 

development of such structures within this site in Nutbourne are leading to the 
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dissection and fragmentation of the marsh, a process which has been observed in 

other areas throughout the Solent estuaries (Bailey and Pearson, 2007). Erosion 

and breaching at the edge of the marsh cliff zone exposes the saltmarsh area to 

higher wave and tidal energy. This increase in energy and fragmentation of the 

saltmarsh will likely result in the eventual break up of the system and see the 

formation of isolated saltmarsh islands similar to those observed in Bosham 

(Figure 5.13) (Bailey and Pearson, 2007). 

Features similar to secondary salt pans were present in the marsh and became 

more abundant towards the latter part of the monitoring period with the 

development of several new formations witnessed (Figure 5.18 B). Unlike 

traditional saltpans there was little to no standing water in these features, which is 

likely due to the limited difference in elevation with the surrounding marsh. It is 

unclear if these formations are inititated by sediment erosion or vegetation die 

back in these areas. It is however likely that dieback plays a key role in these 

features as the areas are largely void of any vegetation. The consistency of the 

sediment in the salt pans, is more representative of that found at lower elevations 

then the surrounding marsh and may be reflective of a small scale example of a 

reversion of marsh back to mudflat. This dissection of the marsh and transition 

towards a mudflat environment is witnessed on a larger scale approximatly 200 m 

east of the site where evidence of mass erosion and relics of similar pan like 

features are present (Figure 5.19). The sediment in the pan structures, more 

recently deposited,  (Figure 5.18 B) is of softer consistency and is therefore more 

easily eroded, it has been observed in other studies that when situated near to 

creek channels these features can also potentially evolve into a new tributary of 

the creek (Minkoff et al., 2006). 

Furthermore it is also suggested that controls such as bioturbation from crabs can 

result in changes in sediment structure within a marsh leading to vegetation 

dieback and saltpan formation (Minkoff et al., 2006). Common shore crab species 

were abundant throughout the marsh cliffs and within sections of the marsh so it is  

highly plausible that the formation of such salt pan features at Nutbourne could be 

the result of this biological influence. These structures are however likely to be a 

linked to the disection and fragmentation of the marsh system. 
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Figure 5.18 Erosional features within the Saltmarsh at Nutbourne A) creek development B) Salt 

pan 

 

 
Figure 5.19 Eastern end of Nutbourne field site, evidence of mass erosion.  
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In summary the geomorphological changes identified at Nutbourne appear to be 

the result of several processes. The initial erosion and development of the 

saltmarsh cliffs appears to have been as a result of the winter storms of 2013/14. 

On development of these marsh cliffs bioturbation has accelerated lateral erosion 

of the marsh and lead to structural weakness and collapse along this zone. These 

processes have then exposed the saltmarsh to higher tidal and wave energy, 

instigating dissection and fragmentation processes within the system. It is highly 

unlikely that the saltmarsh in this area will recover. 

The geomorphological dynamics of the marsh at Nutbourne play a key role in the 

temporal and spatial variations in erosion thresholds observed throughout the 

monitoring period. It is therefore unsurprising that strong correlations were 

identified between erosion and accretion and Pstag (Pa) values for both mudflat and 

saltmarsh at this site (Table 5.2 and Table 5.3). 

5.3.7 Temporal trends in saltmarsh erosion thresholds  

A possible temporal trend in the saltmarsh erosion thresholds between two study 

sites was observed. Temporal trends have been recorded in sediment stability in 

previous studies however these have witnessed a more pronounced seasonal 

pattern, which has generally been related to biological activity (Underwood and 

Paterson, 1993; Anderson, 2001). Unlike these studies, no clear seasonal 

influence could be identified nor could any of the measured key variables or 

observed geomorphological change explain this potential temporal trend. 

The erosion thresholds observed at Nutbourne and West Itchenor followed a 

similar pattern throughout the monitoring period, sharing characteristic peaks and 

troughs, albeit of different magnitude (Figure 5.20). No similarities in sediment 

properties of the two sites could be established that could account for this. 

Additionally, no meteorological (Appendix 2) or biological influence could be 

determined as to influencing this pattern in erosion thresholds. Tidal cycle or 

seasonal influences, again, cannot be discounted but if these were exerting a sole 

influence it would be expected to be apparent in the site at Bosham. The cause of 

this temporal trend was therefore unapparent. 
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Figure 5.20 Combined Chichester Harbour saltmarsh mean erosion thresholds n = 5 

5.3.8 Small scale centimetre variations in erosion thresholds 

There were no significant correlations between the ranges of replicate CSM 

derived erosion thresholds and sediment properties that could explain the nature 

of the small scale spatial variations at any of the locations throughout the 

monitoring period. Biological and meteorological influences were further 

considered, however there would be expected to be some kind of seasonal aspect 

evident with the former and weather conditions significantly varied throughout the 

monitoring period (Appendix 2). No other obvious driver of the small scale spatial 

variations recorded was evident suggesting that aspects outside the scope of the 

field study were the cause of these, which are discussed further (7.2).  

5.3.9 Clay mineralogy  

Rietveld refinement identifies spatial variations in the concentrations of clay 

minerals between the three sites (Table 5.19). These spatial variations in 

concentration showed no apparent relationship with variations in the observed 

erosion thresholds. The influence of clay mineralogy on sediment stability requires 

isolation of this property under laboratory conditions to draw any clear conclusions 

on the control it exerts on erosion thresholds. This influence of clay mineralogy is 

further considered in Chapter 6 under a series of laboratory investigations.  

5.4 Conclusion 

The study of erosion thresholds of intertidal sediment within three localities in 

Chichester Harbour identified significant spatial and temporal variations both within 

and between each site. The highest mean erosion thresholds at Chichester 

Harbour were observed at West Itchenor. Small scale centimetre variations were 
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prominent within all sites, with the exception of the mudflats at Bosham, which 

could not be explained by any of the key measured variables. A possible temporal 

trend in mean erosion thresholds of saltmarsh was identified between Nutbourne 

and West Itchenor of which the driving mechanism could not be determined.  

Only one sub-site identified a correlation between individual sediment properties 

and erosion thresholds, with a moderate correlation with organic matter and a 

strong negative correlation with wet bulk density observed for West Itchenor 

mudflats. A relationship between the combined influences of two or more sediment 

properties was identified in two sub-sites. Multiple regression identified the 

combined role of wet bulk density and organic matter in West Itchenor mudflats 

and particle size, mud content, dry bulk density and porosity in Bosham mudflats. 

Further relationships between erosion thresholds and sediment accretion and 

erosion were identified in Nutbourne and West Itchenor mudflats highlighting the 

influence of geomorphological change. This effect of erosion and accretion differed 

between the two sites with strong negative correlations identified for the site at 

Nutbourne and a very strong positive correlation observed for West Itchenor 

mudflats.  

Geomorphological change was most apparent at Nutbourne, with continued 

deterioration of the site evident. The development of a prominent marsh cliff zone 

appeared to coincide with the latter period of the winter storms of 2013/4. Field 

observations recorded lateral saltmarsh cliff recession of almost 2 m within a six 

month period from March 2015. Bioturbation was observed to significantly 

accelerate this process with crab burrowing effecting stability and resulting in cliff 

collapse. This resulting cliff collapse appeared to influence topographic features 

further into the marsh zone, with the possible development of early stage creek 

formations resulting in the initiation of the dissection and fragmentation of the 

system.  

The overall relationship between sediment erosion thresholds and the processes 

and properties is complex due to the large number of variables and the degree of 

influence that they exert not being easily quantifiable. What is clear however is 

that, even though in close proximity to each other, the degree of influence of these 
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processes and properties varies significantly between the three sites. In addition to 

sediment properties, factors such as the geomorphological setting and local 

hydrodynamics between the three sites exert some kind of influence on variations 

in erosion thresholds. This reinforces the need that monitoring studies not only 

need to be treated on a location specific basis but they also need to give 

consideration to intra-site variations in the driving mechanisms of erosion, even 

over a small scale. 
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6 Chapter 6 The influence of clay mineralogy laboratory experimentation 

results 

Analysis of mineralogy in Chapters 4 and 5 identifies key differences in the 

composition of the clay mineral fraction at each location. As noted in recent 

literature (2.13), it is likely that such differences in clay mineralogy play a role in 

the variations in stability observed between sites. It is not possible to fully 

determine any potential influence on sediment erosion thresholds through in-situ 

investigations. The wide range of sediment properties and processes in the natural 

environment make it challenging to isolate the effect of individual characteristics of 

the sediment on stability. In order to determine the influence of clay mineralogy on 

erosion thresholds isolation of this property is required, which can be achieved 

through the use of reconstructed sediments under laboratory conditions 

This chapter investigates the influence of clay mineralogy on the erosion 

thresholds of intertidal cohesive sediments through a series of controlled 

laboratory experiments.  

The key research objectives of this chapter, outlined in section 1.2 are: 

To investigate the difference in surface erosion thresholds between sediments 

containing variations in smectite and kaolinite clays through laboratory 

investigations  

To establish the effects of changes in water chemistry on the surface erosion 

thresholds of sediments containing variations in smectite and kaolinite through 

laboratory investigations. 

 

Methods overview 

The influence of clay mineralogy on erosion thresholds was determined by testing 

the surface strength of a series of reconstructed sediments. A total of 360 samples 

were constructed using natural mudflat sediment. The original clay fraction was 

removed using a centrifugal method (section 3.5.3) and replaced with kaolinite and 

smectite clays in five varying ratios (Table 3.4).  
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Erosion thresholds were determined using the CSM Sand1and 2 test settings. 

Each reconstructed sediment clay ratio group (Table 3.4) was tested using marine 

water (n = 30), rain water (n = 15) and distilled water (n = 15).  

Regression analysis was the most suitable statistical method and was carried out 

to identify any relationship between CSM derived erosion thresholds and clay 

mineralogy, concentration and water chemistry 

Refer to chapter 3 for a comprehensive description of the methods for this 

component of the study.   

6.1 A review of the influence of clay mineralogy on sediment stability 

The fundamental differences in composition and mechanical behaviour of the clay 

groups offer an insight into their possible influence on sediment stability and 

require further discussion. 

6.1.1 The role of Isomorphic substitution  

The electrostatic forces of clays are a fundamental factor in cohesive sediment 

stability. Consideration must be given to how these physicochemical properties, 

influencing attraction and repulsion, differ between the clay mineral groups and 

influence shear strength (Warkentin and Yong, 1962; McAnally and Mehta, 2001). 

These forces are a function of the net negative or permanent charge of the clay 

mineral. The degree of permanent charge varies between the clay mineral groups 

and is a consequence of isomorphic substitution within the mineral structure 

(Qafuko et al., 2003; Schaetzl and Thompson, 2015). Isomorphic substitution in 

the 1:1 layer clays is negligible and results in a much lower permanent charge in 

these minerals in comparison to the 2:1 clay groups (Table 2.6) (Terzaghi et al., 

1996). As the 1:1 layer clays have a small permanent charge the role of surface 

charge, due to broken bonds at the minerals edge, becomes more important for 

minerals such as kaolinite. These surface charges are however minimal in 

comparison to levels of permanent charge seen in the 2:1 clays (Moore and 

Reynolds, 1997). 

In the 2:1 layer clays isomorphic substitution is a lot more common, generally 

seeing higher valence cations in the mineral structure substituted for those of a 

lower valence e.g.: Al+3 for Si+4. This isomorphic substitution for lower charge 
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cations in the 2:1 clay group results in a much higher negative charge within the 

mineral structure (Warkentin and Yong, 1962; Saether and De Caritat, 1996; 

Terzaghi et al., 1996; Reeves et al., 2006; Spagnoli et al., 2012;  Schaetzl and 

Thompson, 2015). In 2:1clays this permanent negative charge is balanced by the 

inclusion of interlayer cations within the structure. In the case of illite these 

interlayer cations are in the form of non-exchangeable potassium ions which 

explains the lower cation exchange capacity (CEC) of this clay mineral in 

comparison to the smectite groups (Saether and De Caritat, 1996; Reeves et al., 

2006; Schaetzl and Thompson, 2015). This variation in permanent charge 

between 1:1 layer clays and 2:1 layer clays is one of the most central differences 

between kaolinite and smectite group clays. It is a key factor in understanding the 

difference between the electrostatic inter-particle forces of the two clay groups that 

play an important role in governing the shear strength of cohesive sediments.   

6.1.2  The role of Cation Exchange Capacity (CEC)  

As cohesion in clay minerals is a function of the electrostatic forces between the 

mineral grains the Cation Exchange Capacity (CEC) of a clay mineral can be 

considered one of the key measures governing cohesion (McAnally and Mehta, 

2001).As a consequence of the differing levels of net negative charge of kaolinite 

and smectite clays, there are key differences in their ability to attract and adsorb 

exchangeable cations to their structure. The greater ability of smectite to attract 

and adsorb cations results in a much higher CEC for this type of clay in 

comparison to kaolinite (Table 2.7 and Table 2.9) (Reeves et al., 2006). The 

interlayer spacing of the structure of smectite (Figure 2.20) provides further cation 

exchange sites, increasing the CEC capabilities of the clay mineral. Kaolinite 

however is of a non-expansive nature and has a strong interlayer bonding 

resulting in cations largely adsorbed to the minerals surface.  

Relationships between CEC and sediment erosion have been previously proposed 

(Raudkivi, 1998). Grabowski et al. (2012) highlights some of the complexity of the 

discussion around this possible influence of CEC in their review of sediment 

properties. Morgan (2005) suggested that smectite clays are the most susceptible 

to erosion, and kaolinite the least, with illite proposed as an intermediary. 

Grabowski et al. (2012) propose that the reason for this higher erodibility is a 
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function of smectite's high CEC and expansive properties. The review puts forward 

two further contrasting pieces of evidence from Gerberdorf et al. (2007) who note 

a positive correlation between CEC and critical shear stress and the earlier view of 

Kandiah (1974) who suggested both negative and positive correlation between 

CEC and Critical Shear Stress, citing this to possibly be a function of water 

chemistry. 

6.1.3 The role of the Double Diffuse Layer (DDL) 

In order to further understand the role of attractive and repulsive forces of clay 

minerals on sediment  it is necessary to consider interactions at the interface of 

the clay surface and the surrounding fluid medium. When exposed to a fluid, the 

charged surface of a clay mineral develops a double electrical layer of counter 

ions which surround the mineral grain.  This Double Diffuse Layer (DDL) (Figure 

6.1) is considered the spatial extent of the surrounding positively charged counter 

ions and their interaction with the negatively charged surface of the clay 

(Koorevaar, 1983, Reeves et al., 2006). The area nearest to the clay surface is 

known as the fixed or Stern layer and is characterised by a high concentration of 

strongly adsorbed cations to the negatively charged surface of the mineral.  

Surrounding this Stern layer is the diffuse layer, an area of more loosely bound 

cations, where concentration decreases with distance from the minerals surface 

(Figure 6.1) (Koorevaar, 1983, Terzaghi et al., 1996). 

                       

Figure 6.1 Schematic diagram representing the Double Diffuse Layer 
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The size of the double layer can be considered as the distance between the 

mineral surface to the area where the cation concentration is uniform with the 

surrounding fluid, and the electrostatic influence of the clay is no longer present. 

(Koorevaar, 1983). 

The double layer plays a key role in the electrostatic forces of clay minerals as 

they come into contact with each other; with the thickness of the layer governing 

the extent of interparticle repulsion. Changes in water chemistry have varying 

influences on the thickness of the DDL and consequently the mechanical 

behaviour of the clays.  An increase in electrolyte concentration of the surrounding 

fluid leads to the suppression of the DDL; reducing the repulsive forces, 

decreasing particle distance and resulting in an increase in effective stress 

(Terzaghi et al., 1996; Raudkivi, 1998; Sridharan and Prakash, 1999; Yukselen-

Aksoy et al., 2008; Spagnoli et al., 2012). 

This influence of the DDL on the attractive and repulsive forces of clays varies 

between the clay groups, with greater implications for the 2:1 expanding clays. 

The role of the DDL in the 1:1 group clays is less important due to their limited 

isomorphic substitution and low CEC (Sridharan and Prakash, 1999;  Spagnoli et 

al., 2010; Spagnoli et al., 2012). Due to this the shear strength of 1:1 clays are 

mainly governed by particle contact, whilst in comparison the role of the DDL is 

more influential in that of the 2:1 clay groups. (Warkentin and Yong, 1962; 

Spagnoli et al., 2010; Spagnoli et al., 2012). 

6.2 Results  

6.2.1 Distilled water  

The CSM erosion thresholds of the distilled water samples are shown in the box 

and whisker plots in Figure 6.2 to evaluate the distribution of the test data.  

The mean erosion thresholds range between 246 - 309 PStag (Pa). The distribution 

of the data across the clay variation groups is relatively similar with the 

interquartile range of all data displaying values between 241- 282 PStag (Pa). The 

100% smectite samples are an exception, with a lower interquartile range of 35 

PStag (Pa) indicating these tests have the highest consistency around the mean 
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value. Outliers are present in the 100% smectite samples with two values recorded 

at 424 PStag (Pa) and a further two values at 142 Pstag (Pa).  

 

Figure 6.2 Boxplot CSM derived erosion thresholds (distilled water) n =15  

The mean values for erosion thresholds of the distilled water samples are 

presented in Figure 6.3. Regression analysis shows no clear trend for the 

variability of the data set with an R2 value of 0.0607. The range of the mean values 

indicate no significant changes in the erosion thresholds of the sample set 

between the varying clay ratios when distilled water is the eroding fluid medium.  

Figure 6.3 Regression fitted line plot of distilled water CSM mean erosion thresholds. ±Standard 

deviation n =15 
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6.2.2 Rain water  

The CSM erosion thresholds of the rain water samples are presented in the box 

and whisker plots in Figure 6.4 to evaluate the distribution of the test data. The 

mean test values range between 511 - 585 PStag (Pa). The distribution of the data 

sets across the concentration groups is fairly uniform, with the interquartile ranges 

of all data displaying values between 0 -185 PStag (Pa). The exception is the 50% 

S: 50% K samples, where consistent values around the mean value show an 

interquartile range of 0 PStag (Pa), however two outliers are present at 425 PStag 

(Pa). 

 

Figure 6.4 Boxplot CSM derived erosion thresholds (rain water) n =15 

The mean values for the erosion thresholds of the rain water samples are 

presented in Figure 6.5. Regression analysis shows no clear explanation for the 

variability of the data set with an adjusted R2 value of 0.2931 in terms of a linear 

regression. The mean range of the data set shows consistency in erosion 

thresholds indicating no clear differences between the clay variation groups when 

rain water is the eroding fluid.  
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Figure 6.5 Regression fitted line plot of rain water CSM mean erosion thresholds. ±Standard 

deviation n =15 

6.2.3 Marine water  

The CSM erosion thresholds of the marine water samples are represented in the 

box and whisker plots in Figure 6.6 to evaluate the distribution of the test data. The 

mean test values range between 355 – 1336 PStag (Pa), these erosion thresholds 

decrease with the reduction of smectite clay concentration across the test groups.  

The distribution of the data sets varies between the clay concentrations with 

interquartile ranges of all data between 223 - 667 PStag (Pa). The dispersal of the 

data within each group is more prominent in the higher concentrations of smectite 

before reducing to lower interquartile ranges with the transition towards higher 

kaolinite concentration. Outliers are present in three of the groupings, with six 

outliers found in the 50% S: 50% K at a value of 1597 PStag (Pa), one outlier in the 

25% S:75% K at 1597 PStag (Pa) and a further two in the 100% kaolinite group at 

778 PStag (Pa). 
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Figure 6.6 Boxplot CSM derived erosion thresholds (marine water) n =30 

The mean values for the erosion thresholds of the marine water samples are 

presented in Figure 6.7. Regression analysis shows a clear negative linear trend 

with an R2 value of 0.9649 indicating a strong linear relationship between 

decreasing concentrations of smectite and reduction in Pstag (Pa) values.  

The mean range of the data set shows considerable variation in erosion thresholds 

indicating clear differences between the clay variation groups when marine water 

is the eroding fluid.  
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Figure 6.7 Regression fitted line plot of marine water CSM mean erosion thresholds. ±Standard 

deviation n = 30 

6.2.4 Comparison of changes in water chemistry 

Comparison of the erosion thresholds of the marine and fresh water tests are 

shown in Figure 6.8. The marine tests show the highest erosion thresholds overall, 

with the exception of the 100% kaolinite group, followed by the rain water and 

distilled water tests.  

The effect of marine water on the erosion thresholds is particularly evident in the 

samples with higher smectite concentrations which show a considerable increase 

in Pstag values against the fresh water groups. The 100% smectite samples show 

the highest increase, with mean values at 1336 Pstag (Pa) in comparison to values 

of 527 PStag (Pa) for rain water and 246 PStag (Pa) for distilled water. 

Variations in the range of data for the marine and fresh water groups, represented 

by the standard deviations (Figure 6.8), are more prominent in the marine water 

samples with the larger values observed in higher concentrations of smectite in 

this group. 
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Figure 6.8 CSM derived mean erosion thresholds of marine, rain and distilled water samples. 

±Standard deviation n =15-30 

The changes in erosion thresholds due to water chemistry differences are shown 

in further detail in Figure 6.9. When considering the erosion thresholds of the fresh 

water samples as a base line figure, a percentage change in Pstag (Pa) values for 

marine samples can be calculated to further understand the influence of the 

change in water chemistry (Figure 6.9). When making such comparisons against 

the fresh water samples the marine water tests show considerable percentage 

increases in Pstag (Pa) values across the clay concentrations groups, with the 

exception of 100% kaolinite rain water tests. 

The most notable percentage increase in Pstag (Pa) is observed when comparing 

the marine water data set against the use of distilled water (Figure 6.9). The 

greatest percentage increases are noted in the samples with the higher smectite 

concentrations. The percentage difference in Pstag (Pa) values between the marine 

and distilled water samples show a reduction in line with decreasing 

concentrations of smectite, with the lowest increase of 71% observed in the 100% 

kaolinite samples. Regression analysis validates this trend with an R2 value of 

0.8935.  
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The percentage change between marine and rain water Pstag (Pa) values is 

considerably lower than that observed between marine and distilled waters, 

however the data displays a similar trend. 

The highest percentage increases in Pstag (Pa) values are again observed in the 

samples with the higher smectite concentrations. The percentage increase of 

marine Pstag (Pa) values against rain water shows a similar reduction in line with 

reducing smectite concentrations. The samples with 100 % kaolinite were the only 

to record a reduction in Pstag (Pa) values, with a decline of 35% against rain water 

recorded.  

Regression analysis again shows a very strong linear relationship between the 

reduction in smectite concentration and the decline in percentage increase of 

erosion thresholds with an R2 value of 0.9947 observed. 

 

 

 

Figure 6.9 Percentage change in erosion thresholds of samples using marine water in place of rain 

and distilled water. n =15-30 

6.3  Interpretation and discussion of laboratory study results 

The results of this study highlight a clear difference in the erosion thresholds of the 

two types of clay minerals which appears highly dependent on the ionic 
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the study is less resistant to erosion is therefore complex and clearly dependant 

on the influence of water chemistry which is most likely a function of the DDL. 

6.3.1 Freshwater 

Test results show almost uniform erosion thresholds across the varying clay 

concentration groups for both distilled and rainwater samples (Figure 6.8). 

Although both test data follow a similar uniform trend, there are clear differences in 

terms of erosion thresholds between the distilled and rain water which is most 

likely a function of water chemistry differences between the two.  

The difference in the ionic concentration between rain and distilled water was 

considered a possible explanation for the variations in erosion resistance between 

these two groups. Rain water chemistry is complex and its ionic concentration is 

known to vary both temporally and spatially (Harrison & Pio, 1983; Mouli et al., 

2005). An increased ionic concentration of rain water, in comparison to distilled 

water, could have implications for the DDL in the clay minerals. This would result 

in a reduction in the thickness of the DDL, consequently reducing repulsion and 

increasing stability, which could explain the higher thresholds in comparison to the 

distilled water (6.1.3). The thresholds for rainwater tests are however higher 

across all of the clay concentration groups and if this had been solely a result of 

changes to the DDL then a considerable increase in threshold would not be 

anticipated for the kaolinite rich samples (6.1.3) (Figure 6.8) (Sridharan and 

Prakash, 1999; Spagnoli et al.,  2010; Spagnoli et al., 2012). Salinity differences 

(Table 3.6) were also considered as a possible explanation, however these were 

minimal at 0.08 ppt, which is unlikely to influence the stability to such a degree as 

noted between the rain and distilled samples.   

Consideration was also given to whether pH may have played a role in the 

difference observed between the rain and distilled samples (Table 3.6). Variations 

were noted in pH, with a rain water pH of 7.02 and distilled water at a pH of 5.9 

recorded (Figure 6.8). Although surface charges of clays are known to be pH 

dependant they only make up a small proportion of the total charge of clays, less 

than 1 % (Moore and Reynolds, 1997). The influence of pH on surface charges of 

kaolinite are however more important, due to its smaller permanent charge, 

making them more susceptible to pH changes (Moore and Reynolds, 1997). The 
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higher erosion thresholds of the rainwater are however observed in both smectite 

and kaolinite rich samples so it is therefore unlikely that pH variations alone are 

the cause of the differences in erosion thresholds of the two fresh water groups. 

Further aspects of differences in the water chemistry between the two groups are 

therefore likely exerting an influence on the stability of the sediments past that of 

the DDL and pH, which warrant further investigation.  

6.3.2 Marine water  

There are two key findings from the marine component of the laboratory study; 

 When marine water is the eroding fluid there are clear differences between 

the erosion thresholds of the reconstructed sediments, related to clay 

mineral concentrations. 

 Marine water CSM tests yield higher mean Pstag values in all clay 

concentration groups in comparison to the fresh water tests, with the 

exception of 100% kaolinite rain tests. 

The highest erosion thresholds were observed in the samples with the greatest 

concentrations of smectite clays (Figure 6.7). Pstag values were found to decrease 

in line with decreasing concentrations of smectite and increasing kaolinite, with a 

clear linear trend (0.96R2) observed. This difference in erosion thresholds between 

the two clay groups is only apparent after the introduction of marine water and 

highlights the key influence of the water chemistry on the samples, most notably 

smectite.  

The differences noted between the erosion thresholds of the samples (Figure 6.7) 

are likely to be a direct influence of the ionic composition of the marine water on 

the DDL (Figure 6.1) of the two clay types. The lower erosion thresholds observed 

with increasing concentrations of kaolinite highlights the clear difference in the 

importance of the DDL for smectite and kaolinite and the consequent implications 

on sediment stability. The key difference lies in the thickness of the DDL of the two 

clay minerals. As kaolinite is a 1:1 layer clay, it has a very thin diffuse layer making 

it less susceptible to any behavioural changes as a result of a change in pore fluid 

chemistry. It is also proposed that the stability behaviour of kaolinite is largely 

governed by contact between clay particles (Spagnoli et al., 2010; Spagnoli et al., 
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2012). Conversely smectite, an expandable 2:1 layer clay, has a relatively thick 

double layer in comparison (Spagnoli et al., 2012), making stability more 

susceptible to any changes in electrolyte concentration of the pore fluids (6.1.3). 

The increased ionic composition of the marine water would therefore result in a 

reduction of the thickness of the DDL in smectite clays (6.1.3), consequently 

reducing repulsion and increasing stability (Sridharan and Prakash, 1999; 

Spagnoli et al., 2010). These differences in the role of the DDL between the two 

clays are a key factor in why the erosion thresholds are highest in the smectite rich 

samples and decline in line with an increase in kaolinite concentration.  

The influence of the DDL on stability and erosion thresholds in the samples 

containing smectite is further illustrated when making a direct comparison of 

erosion thresholds between the marine and fresh water tests (Figure 6.8 and 6.9).  

The percentage increases of marine testing against fresh water (Figure 6.9) show 

the greatest changes in the samples containing the higher smectite 

concentrations. The highest of these changes, observed in the 100% smectite 

samples, recorded increases of 153% against rain water and 448% against 

distilled water. A reduction in the influence of the DDL becomes apparent as the 

ratio of kaolinite in the samples increase. The extent of the percentage increase of 

the marine water tests reduces in line with increasing concentration of this clay 

mineral, highlighting the less important influence of the DDL on kaolinite clays. The 

strong linear relationships observed between the percentage increases of the 

marine tests and clay mineral ratios (0.89R2 against distilled water and 0.99R2 for 

rain water) emphasise the susceptibility of erosion thresholds of smectite clays to 

changes in water chemistry.  

Osmosis was considered as a further influence on erosion thresholds between the 

different water types.  Differences in salinity of pore fluids and the eroding fluid are 

believed to effect stability of cohesive sediments due to osmotic effects, with rate 

of erosion found to vary with the ionic composition of pore waters (Mehta, 2013). 

This may have some influence on the erosion thresholds of the samples, however 

were this a significant factor, comparative reductions in the thresholds of the 

kaolinite rich samples on fresh water testing would be apparent, which they are 

not.   



 

203 

 

The clear differences between the erosion thresholds of the two clay types under 

marine water testing and the influence of changes in water chemistry is further 

discussed in the context of the natural world in Chapter 7 (7.5).  

6.4 Conclusion 

CSM laboratory experiments were conducted to identify variations in the influence 

of smectite and kaolinite clay on the erosion thresholds of reconstructed intertidal 

cohesive sediments. Limited variations in erosion thresholds between the two clay 

types were observed when the eroding fluid was fresh water. Under marine water 

testing, samples containing greater smectite concentrations were found to have 

higher erosion thresholds than those containing larger concentrations of kaolinite. 

The erosion thresholds of all marine water test samples reduced in a strong linear 

trend (R2 0.96) with increasing concentrations of kaolinite and reductions in 

smectite.  

Changes in the water chemistry of the eroding fluid, from fresh water to marine, 

identified the erosion thresholds of the smectite clays as being susceptible to 

adjustments in pore fluid chemistry. Increased erosion thresholds are observed for 

samples containing smectite on the addition of marine water testing. The largest 

percentage increases of 448% against distilled water and 153% against rain water 

were observed for the 100% smectite samples. The extent of this increase in 

erosion thresholds, in comparison to fresh water tests, decreased in line with 

increasing concentrations of kaolinite, with linear trends apparent for both distilled 

water (R2 0.89) and rainwater (R2 0.99). 

The changes in behaviour of the smectite clays are related to the role of the 

Double Diffuse Layer (DDL). The increased thickness of this layer under fresh 

water leads to a higher degree of repulsion, and as a consequence, lower erosion 

thresholds. The introduction of marine waters results in a reduced thickness of the 

DDL and consequent increase in attractive forces and higher erosion thresholds. 

The change in water chemistry has a limited effect on kaolinite rich samples due to 

the limited influence of the DDL on this type of clay mineral. 

The results of this study confirm that differences in clay mineralogy can exert an 

influence over the erosion thresholds of reconstructed intertidal cohesive 
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sediments. These findings will undoubtedly apply to cohesive sediments within 

natural estuarine environments. The susceptibility of smectite clays to changes in 

pore fluid chemistry identify that estuaries containing this type of clay mineral may 

experience a higher degree of temporal and spatial variability in their erosion 

thresholds than those where this clay is less abundant. Estuarine locations such 

as Medway and Chichester Harbour, due to their enriched smectite content, may 

be more susceptible to accelerated erosion during precipitation events than their 

counterparts in the Fal and Milford Haven.  In comparison the latter may be more 

susceptible to erosive forcing from marine sources. 
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7 Chapter 7 Synthesis  

This chapter provides an overall synthesis to address the discussions and key 

findings from the field and laboratory studies. The wider implications of the study 

and recommendations for future research are also addressed.  

7.1 Temporal and spatial variations in erosion thresholds  

The field study results of Chapter’s 4 and 5 provided an insight into the extent of 

temporal and spatial variations in sediment stability. Clear differences in erosion 

thresholds were observed across 14 study sites at four estuarine locations, with 

statistically significant differences observed both between and within locations and 

during different sampling periods (Table 4.1- 4.7 and 5.13 -5.18). The combined 

data set of the study locations of Chapter 4 indicated (Table 4.10 and 4.11) 

potential relationships between erosion thresholds and sediment properties. 

Although these could not be fully established as the cause of change at these 

locations, due to site specific variations, the results were able to inform the more 

intensive analysis of this relationship with sediment properties at Chichester 

Harbour (Chapter 5).  

A possible relationship between levels of erosion and temporal changes in erosion 

thresholds was apparent at two sites in Milford Haven (Figure 3.6 A). The study 

site at Sprinkle Pill provided the clearest insight into this relationship between 

topographic change in the system and changes in erosion thresholds. The higher 

marsh erosion thresholds in 2015 (Figure 4.2) were a result of more consolidated 

sediment that had become exposed due to surface erosion. The lower mudflat 

erosion thresholds in 2015 (Figure 4.1) were in part due to the redistribution of 

eroded marsh material into this lower zone. These observations made it apparent 

that a possible link between the degradation of a system and temporal variations 

in erosion thresholds was likely and required further investigation. This aspect was 

incorporated into the study of Chichester Harbour, where it was possible to 

observe a statistically significant relationship between these two factors (Table 5.2 

and 5.3) (7.1.3). 
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The more intensive monitoring regime conducted at Chichester captured a wider 

temporal data set of erosion thresholds and allowed analysis of changes in 

sediment erosion thresholds over time. A trend in erosion thresholds was 

documented, with corresponding peaks and troughs at two saltmarsh sites (Figure 

5.20). Aspects of seasonally related variations in sediment erosion thresholds 

were considered as they have been documented in other studies (Underwood and 

Paterson, 1993; Anderson 2001), however there appeared to be no clear pattern 

to support this and no other cause apparent (5.3.7).  

The extent of spatial variations in sediment stability saw a wide range of erosion 

thresholds recorded across the sites within the four study locations. No single 

location could be identified as having overall higher stability. The highest erosion 

thresholds for mudflat zones were recorded in the Medway Estuary and West 

Itchenor at Chichester Harbour.  The highest erosion thresholds in the saltmarsh 

zones were recorded at sites across all four locations. Differences in 

geomorphology and process observed between the sites in Chapter 4 made it 

challenging to understand the driving forces of spatial variability of erosion 

thresholds across the locations as a whole. This identified the need for more 

intensive and site specific investigations to focus on the factors influencing spatial 

variations in erosion thresholds. 

7.1.1 Influence of sediment properties 

The higher frequency of monitoring in Chapter 5 allowed this more intensive 

analysis of links between sediment properties and erosion thresholds at 

Chichester. West Itchenor (Figure 3.9A) was the only site to record a statistically 

significant relationship with individual sediment properties. A moderate correlation 

with organic matter and a strong correlation with wet bulk density were recorded 

for the mudflats at this site (Table 5.2). No further links with individual sediment 

properties were apparent in the other sites at Chichester Harbour.  

It was not possible to ascertain the full extent of the influence of sediment 

properties on erosion thresholds at the study sites of Chapter 4. Further 

relationships may have become apparent in these sites under a significantly larger 

data set, therefore an association between sediment properties and erosion 

thresholds cannot be discounted. It is however highly unlikely that the temporal 



 

207 

 

and spatial differences in erosion thresholds observed could be fully explained by 

variations in individual sediment properties between sites, as exemplified in the 

findings from Chapter 5. 

7.1.2 Combined influence of sediment properties 

The interaction between sediment properties and the combined influence these 

may have on erosion thresholds is discussed (5.3.2). A combined influence of 

sediment properties is considered in other studies, where it is noted that 

correlations observed in laboratory studies are not always apparent in the natural 

environment (Underwood and Paterson, 1993, Paterson et al., 2000; Anderson 

2001, Tolhurst et al., 2006b). Well known controlling factors such as bulk density 

and particle size show significant correlations under such conditions. These 

relationships are however not always apparent in in-situ studies, due to the result 

of complex interactions of a number of factors (Anderson, 2001; Tolhurst et al., 

2006b).  

At two of the sub-sites in Chapter 5 (Table 5.122), multiple regression identified a 

relationship between erosion thresholds and two or more sediment properties. 

Such relationship should not be discounted for the field locations in Chapter 4 as 

these may have become apparent under a larger data set, however it would be 

unlikely they would account for all variations in erosion thresholds observed.  

7.1.3 Relationship with erosion and accretion 

Associations between sediment stability and erosion and accretion discussed in 

chapter 5 highlight the influence of bed elevation change on erosion thresholds. 

Underwood and Paterson’s (1993) study is the only investigation from the 

reviewed literature that considered a possible relationship between changes in bed 

elevation and erosion thresholds. They found no evidence of any relationship 

between the two factors.  

Three study sites displayed visible evidence of mass erosion which had possibly 

influenced variations in erosion thresholds; Nutbourne and West Itchenor at 

Chichester Harbour (Figure 3.9 A) and Sprinkle Pill at Milford Haven (Figure 3.6 

A). The sites at Nutbourne and West Itchenor mudflats recorded strong 
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correlations between erosion thresholds and patterns of erosion and accretion 

(Table 5.2 and 5.3).  

This relationship however is dissimilar at each of the sites, with Nutbourne 

showing negative R2 values (-0.727 mudflat, -0.645 saltmarsh) and West Itchenor 

positive R2 values (0.806 mudflat). The negative relationship at Nutbourne is likely 

a result of exposure of underlying sediment that is more consolidated and resistant 

to erosion. The cause of the positive relationship at West Itchenor is less apparent. 

This indicates that although morphological change may be a driving mechanism of 

erosion thresholds it can have the opposite influence between individual sites. A 

similar relationship cannot be discounted for the site at Sprinkle Pill (Figure 3.6 A) 

or other field locations in Chapter 4, longer term investigation would be required to 

confirm this.   

7.2 Small scale spatial variations in erosion thresholds 

It has been argued that the relative importance of small scale temporal and spatial 

variations is dependent on whether small magnitude erosion events are a key 

driver of erosion (Tolhurst et al., 2000). If in fact larger infrequent magnitude 

events are of greater importance in driving erosion then the nature of such 

variations becomes less important (Tolhurst et al., 2000). Overall and monthly 

changes in sediment bed elevation in Chichester Harbour (Chapter 5) support the 

argument for the importance of frequent small magnitude erosion events. If 

erosion were predominantly influenced by larger infrequent events then the degree 

of temporal and spatial bed elevation changes observed throughout the monitoring 

period would not be anticipated. Furthermore monitoring at individual sites 

observed significant levels of both erosion and accretion within a single monitoring 

period between sediment pins within close proximity (<1m) to each other (Table 

5.4 - Table 5.10). Again had these changes in bed elevation been related to larger 

magnitude events such small spatial variations in erosion and accretion between 

sediment pins would unlikely have been apparent.  

It is most probable that both small frequent and large infrequent magnitude events 

make equally significant contributions to driving erosion (Tolhurst et al., 2000). The 
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small scale temporal and spatial variations (Chapters 4 and 5) are therefore of vital 

importance in understanding the sediment dynamics in these systems.  

Limited studies consider the presence and cause of small scale spatial variations 

in sediment erosion thresholds, those which do generally attribute these to 

biological influences (Tolhurst et al., 2000; Paterson et al., 2000; Widdows et al., 

2000; Anderson, 2001) (7.3.1). It is unlikely that biological processes alone are the 

sole cause of such variations and micro scale differences in the fabric of the 

sediment itself are likely a further key factor.  

7.2.1 Considerations on micro-topography and micro variations in 

composition  

Variations in micro-topography of the surface sediment and differential bonding 

have received limited consideration in relation to small scale variations in sediment 

erosion thresholds (Anderson, 2001). Although outside the scope of this study, 

these factors may have played a role in driving the small scale spatial variations 

observed.  

The extent of frictional forcing on the surface sediment by hydrodynamic 

parameters is known to be related to the bed roughness of the sediment, with 

increased roughness leading to increased erosion (Anderson, 2001). Although 

intertidal sediment, particularly mudflat, can appear to be visibly smooth it is well 

established that micro-topography of the sediment is known to vary and be highly 

susceptible to the effects of biological activity (Whitehouse et al., 2000). Scanning 

electron microscope images included in Paterson et al.’s (2000) study detail micro- 

scale spatial variability within the fabric of the sediment from the Humber Estuary. 

Such variations on the micro-scale, as well as larger features such as burrows, 

faecal trails and shell debris, can all influence bed roughness of the sediment, 

consequently modifying the hydraulic forces exerted on the bed surface 

(Whitehouse et al., 2000).  It is highly likely that these micro-scale variations in bed 

roughness have some influence on small scale spatial differences in erosion 

thresholds. It is also likely that a degree of positive feedback exists between the 

two factors, with variations in bed roughness influencing variations in sediment 

stability which in turn further influences bed roughness.  
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Compositional variations within the sediment fabric may be a further factor that 

influences small spatial variations in erosion thresholds. Cohesive sediments are 

heterogeneous in nature and consist of a diverse number of components 

including; sand, silt, clay, contaminants, organics and microbes (Whitehouse et al., 

2000, Grabowski et al., 2011). Variations in cohesive and adhesive characteristics 

between these different components of the sediment will result in different levels of 

surface stability. As the erodibility of cohesive sediment is partially dependant on 

the interactions of these components (Grabowski et al., 2011), it is possible that 

the presence of small scale compositional variations may also influence erosion 

thresholds. The extent of any influence remains uncertain, but the subject of clay 

mineralogy will likely further affect this due to differences in cation exchange 

capacities of the clay groups. If this is a key factor then it is highly possible that 

smectite clays may result in a more diverse range of erosion thresholds due to 

their; higher cation exchange capacity and larger number of active bonding sites. 

This could, in part, explain the wider range of small scale variations in erosion 

thresholds observed in the study sites in Medway which contain smectite (Figures 

4.1 and 4.2). 

7.3 Further considerations 

As the relationships between erosion and accretion, sediment properties and 

erosion thresholds are only evident in three sites other driving mechanisms of the 

temporal and spatial variations require consideration.  

7.3.1 Biological considerations  

Biological factors cannot be discounted from influencing the variations in erosion 

thresholds observed, as these phenomena have been documented in a number of 

investigations (Paterson et al., 2000; Widdows, 2000; Anderson, 2001; Watts et 

al., 2003; Tolhurst et al., 2006b). These studies have provided evidence of the 

effects of biological processes on sediment stability which have included the role 

of various saltmarsh species, crustaceans, burrowing organisms, faecal pellets, 

biofilms and EPS. This biological influence of organisms in sediment stability is 

further exemplified within Chichester Harbour with accelerated saltmarsh erosion 

due to burrowing crabs (5.3.7).  
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It is suggested that the effects of biofilms and EPS (2.10.2) can have significant 

controls on sediment stability (Ginsburg and Lowenstam, 1958; Heinzelmann and 

Wallisch, 1991; Paterson, 1997; Whitehouse et al., 2000; Tolhurst 2008a; Larson 

et al., 2009). The field method design (3.2) attempted to minimise any biological 

influences as the measurement of EPS and biofilms were outside the scope of the 

study. Due to the highly visible nature of biofilms (Consalvey et al., 2004) it was 

possible to employ sample biased and avoid such areas when conducting CSM 

measurements. It cannot however be certain that EPS did not play some kind of 

role. Studies by Anderson (2001) and Paterson et al. (2000) observe relationships 

between sediment stability and EPS, however the correlations were found with 

Chlorophyll a content which is not a total measure of EPS and more of an indicator 

of diatom mass and EPS production potential (Paterson et al., 2000). Tolhurst et 

al., (2006b) found significant correlations with the carbohydrate fraction of EPS but 

acknowledge that other factors must be influencing stability as the correlations 

were relatively weak. Underwood and Paterson (1993) also identify a moderate 

correlation between colloidal carbohydrate component of EPS and CSM derived 

erosion thresholds. Their study however observed no statistically significant 

differences in thresholds between sites treated with biocide, to remove biological 

activity, and untreated control sites.  

Although EPS plays a role in sediment stability it is unlikely that the presence of 

any variations in this biological property between sites would be able to fully 

account for all differences in stability. Similar temporal and spatial variations have 

been observed in field studies where biological influence has been minimal 

(Tolhurst et al., 2006a). Furthermore significant differences in thresholds are also 

observed in the laboratory study (Chapter 6) where identical reconstructed 

sediments are used and EPS has been degraded.  

7.3.2 Hydrodynamic influences 

Consideration was given to the position in both the spring/neap and the tidal cycle 

when CSM measurements were obtained and whether this had any bearing on 

variations in the erosion thresholds observed. The spring/neap cycle may exert 

some influence over sediment stability due to changes in current velocities and 

submergence times. A statistical relationship however was not obvious, with no 
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significant correlations identified between Pstag (Pa) values and point in the tidal 

cycle (Appendix 6). To understand any possible influence that the spring/neap 

cycle and associated changes in current velocities may exert would require a 

comprehensive assessment of hydrodynamics at each of the sites over this cycle.  

The duration of time the sediments were exposed to sub aerial processes, prior to 

CSM testing, was also considered. Temporal variations related to tidal emersion, 

have been observed in past studies by Tolhurst et al. (2006a, 2006b), however 

these were related to sediment with visible diatom biofilms, areas without this 

biological material identified no significant relationship with sub tidal emergence. 

Furthermore field studies on erosion thresholds of lower shore mudflats over a 

tidal cycle have found no significant relationship between sub aerial exposure time 

and erosion thresholds (Paterson 1990). Sediment exposed during rainfall events 

would however be susceptible to changes in stability (7.3.3). 

Although the hydrodynamic setting of a location plays a clearly important role in 

the ETDC cycle and may possibly influence temporal variations observed, it 

cannot fully account for the small scale spatial variations observed during testing 

which are largely a function of the fabric of the sediment. 

7.3.3 Meteorological variations  

Weather conditions can affect sediment stability, with factors such as rainfall and 

wind speed/direction known to influence erosion (Burgess, 2004). The effect of 

temperature is also believed to have a degree of influence but to what extent is 

little known as there is limited research in this area and is beyond the scope of this 

study (Grabowski, 2011).  

Variations in rainfall, wind speed and wind direction were observed at all locations. 

No obvious relationships between wind speed and wind direction in the previous 

24 hour period at any of the sites were apparent, however the influence of wind 

and wave set up was apparent in ripple marks observed at Sharps Green in 2015 

(Figure 4.). During the 24 hour period prior to CSM testing only one site from the 

field locations of Chapter 4 was exposed to rainfall. The site at Ruan Lanihorne in 

2015 experienced 3.6mm rainfall during a point in the tidal cycle when the mudflat 

and saltmarsh were exposed. The mean average erosion thresholds were similar 
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at this location to 2014, however the range in 2015 appeared slightly higher. The 

study sites in Chapter 5 on several occasion experienced light rainfall throughout 

CSM testing and on occasions slight declines in erosion thresholds were 

observed. These declines may have been a consequence of spatial variations; 

however the effect of rainfall during CSM testing was obvious with surface 

sediment actively displaced due to the physical impact. The effects of rainfall have 

also been noted by Paterson et al. (2000), with lower CSM derived erosion 

thresholds in the Humber mudflats observed during rainfall. Although such 

observations have been made there has been limited research into the chemical 

influences of rainfall on sediment stability. The significant influence of rainwater is 

identified in laboratory studies of Chapter 6 highlighting the effects of changes in 

water chemistry on surface sediment stability and is further discussed (7.5.2).  

7.4 Observations from erosion and accretion monitoring 

Sediment pin observations gave an insight into the mobility of the sediment within 

the study sites. Of the four key locations, monitoring at Chichester Harbour proved 

the most successful in capturing detailed observations of fluctuations in bed 

elevation, due to more frequent measurements, over shorter timescales. Table 5.4 

to 5.10 capture the extent of these changes in bed elevations showing mean 

increases as high as 47mm and decreases as much as 19 mm within a single 

monitoring month. Such significant changes mean that annual measurements may 

not be sufficient in providing an accurate reflection of the nature of 

geomorphological change over short time scales, acting merely as a temporal 

“snapshot”. Underwood and Paterson (1993) observed similar significant short 

term changes in bed elevation concluding that the patterns of erosion and 

accretion were unpredictable, showing no real seasonal trends.  

The bed elevation data from Chapters 4 and 5 make it apparent that if a clearer 

understanding and quantification of erosion and accretion is to be achieved within 

a location, studies must engage in a long term, more frequent, monitoring 

processes.  
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7.5 The influence of clay mineralogy  

The influence of clay mineralogy in the field is masked by the complex interaction 

of the various components of the sediment and the surrounding processes that 

affect erosion thresholds. The results from the field studies identify a diverse range 

of erosion thresholds between four locations with contrasting clay minerals. 

Although it is not possible to determine the influence of clay mineralogy on erosion 

threshold variations, It should however be noted that locations containing smectite 

clays recorded some of the highest  Pstag (Pa) values.  

The laboratory study (Chapter 6) isolated the influence of two of the key clay 

mineral groups, smectite and kaolinite, and concluded that not only do variations in 

erosion thresholds between the two exist, but water chemistry is also a controlling 

factor.  

The results of the study clearly identify four key aspects: 

 Under marine eroding fluids smectite rich intertidal sediments have higher 

erosion thresholds than kaolinite (Figure 6.7). 

 There is a simple linear relationship between relative clay proportion and 

surface erosion thresholds when marine water is the eroding solution.  

 The erosion thresholds of smectite rich intertidal sediments are notably 

reduced under fresh water eroding fluids (Figure 6.9).  

 There is a simple linear relationship between relative clay proportion and 

increase in surface erosion thresholds when marine water is used as the 

eroding solution in place of fresh water.  

The results of this laboratory study suggest that the higher erosion thresholds 

observed in the field study locations containing smectite are likely to have been 

partially a result of the presence of this particular clay mineral. The incorporation of 

rain water into the study also identified the susceptibility of smectite rich sediment 

to erosion due to the chemical influence of rain (Figure 6.8 and Figure6.9). This 

provided further insight into the implications of rain water chemistry on sediment 

stability and erosion thresholds.  
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7.5.1 Considerations within the natural environment  

The translation of the key findings of the laboratory experiment (Chapter 6) into the 

influence within the natural environment is more complex. It cannot be implied that 

a particular location is less resistant to erosion based solely on clay mineralogy as 

the factors governing sediment stability are diverse and intricate. Certain aspects 

of the sediment may have a more prominent influence in a particular location but 

not in another, as exemplified in the results of the field study at Chichester 

Harbour (Chapter 5). Erosion studies need to therefore take a holistic approach 

when considering sediment properties and process, treating each location on an 

individual basis. The laboratory study does however confirm that clay mineralogy 

can have a significant influence on sediment stability under controlled conditions 

and consequently warrants consideration in the natural environment.  

The clay mineralogy of estuaries is not restricted solely to smectite and kaolinite 

clays. With four main clay mineral groups, each containing several members, the 

clay suites present in estuarine sediments are extensive and varied. The smectite 

and kaolin groups clays can however be considered as a fair representative of the 

contrasting extremes of the main groups, with the other groups regarded as 

intermediaries (Morgan, 2005). Further research on the influence on sediment 

stability of the other clay groups would however be required for a definitive 

confirmation.  

7.5.1.1 Clay mineralogy and biological activity  

The interaction and influence of the biological components of the sediment, 

although outside the scope of this study, requires further consideration. Biological 

properties such as EPS, that are known to exert controls on sediment stability, 

would have been degraded in the sample preparation process in the laboratory 

experiments (Chapter 6). There is therefore no way to ascertain if there was any 

preferential interaction with EPS with a particular clay type during this series of 

experiments. Previous studies have revealed a combined influence of biological 

and physicochemical properties on riverine sediments. Gerbersdof et al. (2007) 

consider how the combined effects of polymeric substances and interparticle 

forces can determine sediment stability. They discuss how increased adsorption 

sites on clays, related to CEC, act as active binding sites for the protein and 
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carbohydrate fractions of EPS. As the smectite clays have a high CEC it may be 

possible that the binding of EPS with this type of clay mineral may be preferential 

and result in an increased stability in comparison to other types of clay minerals.  

7.5.1.2 Smectite and water chemistry 

The effect of changes in water chemistry on the stability of sediments containing 

smectite, observed in Chapter 6 (Figure 6.9), also poses further questions in 

regards to spatial variability of erosion thresholds.  

Estuaries with large fresh water influx such as Medway (Chapter 4) can see 

significant variations in pore fluid related to the salinity within the system (Shen, 

2015). Areas towards the mouth of such estuaries will experience more marine like 

conditions, whereas brackish conditions are generally located further in and 

towards the fresh water influxes into the system (Savenije, 2006). Areas within 

estuaries where brackish conditions are typical may experience an increase in 

salinity due to rising sea levels. Locations containing smectite may therefore see 

areas of elevated erosion resistance due to the stabilising effects of an increased 

electrolyte concentration on this clay mineral (Section 6.1.3), as exemplified in the 

higher erosion thresholds observed in Figure 6.8. Any increased stability of the 

sediment fabric due to such changes may however be counteracted by potential 

changes in the ETDC cycle related to sea level rise, which can result in an 

increase in erosional forces.   

7.5.1.3 The chemical influence of rainfall  

Previous studies of the effects of rainfall on saltmarsh and mudflat stability, 

although limited, have noted elevated erosion during these events. Mwamba and 

Torres’s (2002) simulation of a low tide rainfall event on a saltmarsh suggest, from 

their observations, that in excess of 67t/Km2 marsh material can be entrained in a 

single event in as little as five minutes. They attribute the physical impact of the 

rain and sheet flow transfer as the main mechanisms for such mobilisation but do 

not consider the physicochemical effects of the rain. Tolhurst et al. (2006c) made 

similar observation of increased erosion as a result of rain through both field and 

laboratory studies. During separate field studies, reductions in CSM derived 

erosion thresholds during rainfall were found to decrease by 24% in the 

Westerchelde Estuary, Netherlands, and 55% in the Humber Estuary, UK. Their 
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laboratory studies, using reconstructed estuarine sediments, noted similar large 

declines in erosion thresholds due to the addition of freshwater, however there is 

no distinction between clay mineralogy. They consider both the effect of raindrop 

impact and physicochemical dispersion on sediment stability, concluding that the 

latter is more important in the case of their laboratory study, due to the inability of 

the CSM to replicate the physical impact of rain.  

The effects of fresh water erosion (Figure 6.8 and 6.9) identified smectite as being 

more susceptible to changes in water chemistry than kaolinite. The influence of 

rain water on erosion thresholds found a reduction in line with decreasing 

concentrations of smectite, with a near perfect linear relationship of R2 0.9649 

identified (Figure 6.9). These findings in context of the natural environment could 

mean that estuaries containing smectite could be more susceptible to erosion from 

rainfall events during low tide. For locations with large fresh water influx and 

brackish conditions, the chemical influence of rainfall will be more significant for 

areas with higher pore fluid salinities, such as near the mouth of the system. This 

suggests that variations in pore water salinity throughout these systems will be an 

important factor in sediments containing smectite, with such locations likely to 

exhibit a wider range of spatial variations in sediment stability during rainfall 

events.   

The implications of these findings raises further questions regarding shifts in 

precipitation patterns related to climate change and how this may impact locations 

containing smectite clays. IPCC projections state with medium confidence that 

Northern Europe will likely experience increased levels of precipitation during 

winter months, with an increase in extreme rainfall events (IPCC, 2013). 

Projections from UKCP09 (2009) provide a more localised insight for expected 

changes in precipitation for the UK. Under all emissions scenarios the probabilistic 

central estimate highlights a potential increase between 10 and 30% in 

precipitation during winter months. Similar trends are also observed for wettest 

day in winter with projections of between 10 and 30% potential increase in 

precipitation on these days (UKCP09, 2009). These projected increases in 

precipitation may lead to accelerated erosion of saltmarsh and mudflat 

environments within estuarine systems, with those containing smectite clay 
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minerals such as Medway and Chichester Harbour the most vulnerable. Intertidal 

cohesive sediments containing smectite may therefore be at their most vulnerable 

when exposed to erosive forces of freshwater, such as heavy rain and river 

flooding events. Based on the percentage declines observed in Figure 6.9 and the 

smectite concentrations in Medway and Chichester erosion thresholds could 

potential decline by as much as 15% when exposed to rainwater. This however 

does not take into consideration the presence of the untested clays, illite and 

chlorite, or the physical impacts of the rain, meaning that reductions in erosion 

thresholds are likely to be significantly higher.  

7.6 Research importance and further investigations   

Erosion terminology was discussed in Section 2.9 and for clarity and consistency 

the definitions of the key parameters were defined in Table 2.3. This section of the 

review highlighted a key issue that arises during discussions of erosion around 

consistent use of the terminology. Although some parameters, such as shear 

strength, have clear definitions across all disciplines, the remaining terms covered 

are often used interchangeably. This lack of clear scientific definition of terms such 

as; erodibility, erosion potential and sediment stability can lead to confusion 

particularly during dissemination stages involving end users such as policy 

makers.  The interchangeable use of such terms inadvertently complicates these 

discussions, with these parameters having clearly different meanings. Going 

forward it would be advantageous to adopt clear scientific definitions for such 

terms that are currently lacking, allowing a consistent understanding of the 

meaning of these parameters across all disciplines.  

The field and laboratory based studies highlight the importance of spatial and 

temporal variations in erosion thresholds and the influence of clay mineralogy 

within the ETDC cycle. The results of this study are an important stepping stone in 

expanding our knowledge of the processes involved in intertidal cohesive 

sediment erosion. It is however also important to consider the practical 

applications of research to assist coastal management.  

The wider implications of the results of chapter 4 and 5 can offer some practical 

solutions for coastal management. Although erosion threshold data and 
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relationships with sediment properties cannot offer direct assistance with 

monitoring and management strategies, they can potentially be incorporated into 

sediment transport models and offer possible insights into prediction. The key 

practical application for coastal management that can be taken from chapters 4 

and 5 are the monitoring capabilities of the sediment pins.  This method offers 

coastal managers a simple cost effective approach to monitoring mudflat and 

saltmarsh erosion and over a longer term may assist in predictions of seasonal 

patterns. Although this is a widely used approach to monitoring sediment 

elevations, the use of lateral sediment pins to monitor marsh retreat are less 

common in studies. Their application in Chapter 5 proved to be a successful 

monitoring tool and can offer coastal managers a practical approach to monitor 

saltmarsh retreat.  

The implications of the findings of the laboratory experiments (Chapter 6), 

although unable to assist in monitoring and management practices, may benefit 

coastal management erosion prediction methods. The influence of changes in 

water chemistry on smectite clays highlights the potential susceptibility of 

estuarine sediments rich in this type of clay mineral to rainfall events. This 

knowledge can assist coastal managers to better predict accelerated erosion 

events under heavy precipitation levels.  

Monitoring, management and prediction of geomorphological change is highly 

complex due to the large number of properties and processes influencing erosion 

within estuarine environments.  The highly variable nature of these systems, both 

between and within sites mean that there is no single solution, or “magic bullet” to 

assist coastal managers in understanding erosional processes throughout a single 

system. The best approach for coastal management is to identify key areas of 

concern or vulnerability and focus attention on the monitoring and management of 

these locations.   
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Considerable progress has been made in understanding the sediment dynamics 

influencing variations in erosion resistance, however additional research is 

required to address further knowledge gaps. The following recommendations for 

research areas are proposed to both complement and further the knowledge 

gained from this field and laboratory study: 

 Further research into variations in micro-topography and differential 

bonding and their influence on small scale spatial and temporal variations in 

erosion thresholds (7.2.1). 

 Longer term erosion studies in order to ascertain the existence of any 

seasonal trends in changes in erosion thresholds (7.1). 

 In-situ CSM investigation into the influence of rain water on intertidal 

cohesive sediment containing smectite in the natural environment (7.5.2). 

 Further CSM laboratory investigations to isolate the influence of the other 

common clay mineral groups on sediment erosion thresholds (7.5.1). 

 Further CSM laboratory investigation into the influence of changes, in pore 

water chemistry, pH and temperature on sediment erosion thresholds 

(7.5.1). 

 Investigate any differences in the role of the binding effects of EPS between 

smectite and kaolinite clay.
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8 Chapter 8 Conclusion  

This chapter addresses the research questions and objectives set out in Chapter 1 

providing an overall conclusion of the thesis.  

8.1 Research question 1: What is the influence of variations in physical 

sediment properties on temporal and spatial differences in erosion 

thresholds?  

The research question is first addressed in Chapter 4 where temporal and spatial 

variations in erosion thresholds were observed between three UK estuarine 

locations. Statistically significant differences in erosion thresholds were observed 

between each of the locations and between individual sites at Cornwall.  

Differences in sediment properties were observed between each of the locations 

and internal sites over an annual return study period. Regression analysis of the 

combined field data set identify three moderate relationships in the mudflats and 

two further relationships in the marsh systems between individual sediment 

properties and  erosion thresholds (Table 8.1).  

Table 8.1 Spearman’s correlation coefficients sediment properties and erosion thresholds.  

Mudflat sediment properties Spearman’s correlation coefficient 

Particle size (D50) 

Clay content (% volume) 

Mud content (% volume) 

-0.582 

 0.499 

 0.453 

Saltmarsh sediment properties   

Moisture content (% mass) 

Organic matter content (% mass) 

-0.632 

-0.797 

 

The statistical relationship defined from the combined data set was deemed as 

more of an indication of relationships between sediment properties and erosion 

thresholds to inform further research due to fundamental variations between the 

locations. As a result this informed the more frequent monitoring undertaken in 

Chapter 5.  
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Frequent monitoring over a 16 month period in Chichester Harbour (Chapter 5) 

developed an extended data set which identified statistically significant differences 

in erosion thresholds between individual sites and during different monitoring 

periods. The larger data set also allowed the identification of relationships between 

both individual and coupled effects of two or more sediment properties on erosion 

thresholds in some sites. Statistical analysis identified only one sub site, at West 

Itchenor mudflats, to show any relationship between erosion thresholds and 

individual sediment properties; with a strong negative correlation with wet bulk 

density (-0.669) and a moderate correlation with organic matter (0.536). No further 

correlations with individual sediment properties were observed in any of the 

remaining sites.  

Multiple regression identified relationships between erosion thresholds and the 

combined influence of two or more sediment properties at two of the subsites. The 

relationship with wet bulk density and organic matter at West Itchenor mudflat is 

further highlighted with a significant amount of the variability of the erosion 

threshold data (75.85%) being explained by a combined influence of the two 

sediment properties (Table 8.2). A more complex relationship is identified in 

Bosham mudflats with combined effects of particle size, mud content, dry bulk 

density and porosity accounting for over 84% of the variability in the erosion 

threshold data at this sub site (Table 8.2).  

Table 8.2 Multiple regression of CSM derived erosion thresholds and Sediment properties  

Location Regression equation P value  R-sq (adj) 

West Itchenor mudflat CSM average =  782 - 482 wet bulk 

density +30.17 organic matter  

0.03                                               75.85 % 

Bosham mudflat CSM average = -3946 - 4.098 particle 

size – 3.276 mud content + 1525 dry 

bulk density + 44.0 porosity  

0.007                                      84.24 %  

 

The field studies identify that a relationship between erosion thresholds and 

sediment properties can account for the temporal and spatial variations in surface 

stability in some sites in Chichester Harbour.  
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8.2 Research question 2: Is there a relationship between patterns in 

erosion and accretion and temporal and spatial variations in erosion 

thresholds? 

The research question is addressed in Chapter 5 over the 16 month study period 

at Chichester Harbour.  Sediment pin measurements of erosion and accretion over 

the full study period identified significant variations in bed elevation over monthly 

timescales. A relationship between erosion and accretion and erosion thresholds 

with significant very strong to strong Spearman’s correlations observed in three 

subsites (Table 8.3).   

Table 8.3 Spearman’s correlation coefficients Monthly bed elevation change and erosion 

thresholds. 

Location  Spearman’s correlation coefficients  

West Itchenor mudflats  0.806 

Nutbourne mudflats -0.727 

Nutbourne saltmarsh -0.645 

 

The relationship with bed elevation at West Itchenor mudflat is in contrast with that 

of Nutbourne and could not be fully explained why higher erosion thresholds at this 

sub site were associated with episodes of sediment accretion.  

Field observations identified the site at Nutbourne as experiencing the most 

significant deterioration of all sites over the study period. Lateral saltmarsh 

recession recorded the loss of almost 2 m over a 6 month period which appeared 

to be accelerated by bioturbation and led to the development of new channel 

structures within the marsh.  This period of accelerated lateral erosion coincided 

with a large increase in the range of small scale spatial variations in erosion 

thresholds of the mudflats at this site. A sequence of events of the key processes 

was established for the degradation of the marsh system at Nutbourne.  The 

development of prominent marsh cliffs became apparent after a series of winter 

storm related surges in the area during late 2014, early 2015. The marsh cliff 

structures acted as preferential habitat for burrowing common shore crabs leading 

to structural instability throughout this zone and accelerated lateral erosion. 

Sections of marsh cliff collapse acted as breaches into the saltmarsh, altering local 

hydrodynamics and exposing the system to an increase in tidal energy. The result 
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of these processes has seen the onset of the fragmentation and dissection of the 

saltmarsh system which is continuing to actively erode.   

The field study identified that a relationship with monthly changes in erosion and 

accretion can account for variations in erosion thresholds in sites within the 

harbour. Furthermore a possible relationship between monthly bed elevation 

change and small scale spatial variations may be evident with Nutbourne mudflats.  

8.3 Research question 3: How do variations in clay mineralogy effects 

intertidal cohesive sediment erosion thresholds? 

The influence of clay mineralogy on erosion thresholds of intertidal cohesive 

sediment is addressed in the laboratory studies of Chapter 6.  

Field observations identify some of the highest erosion thresholds as being 

recorded in the locations containing smectite. It was not however possible from the 

field study alone to attribute this directly to clay mineralogy.   

Through a series of reconstructed sediments the isolation of the influence of two 

key clay mineral groups; smectite and kaolinite was possible. The highest mean 

erosion thresholds were documented in the sediment samples containing the 

largest concentrations of smectite when the eroding fluid was marine water.  

Erosion thresholds then reduced in a linear trend (R2 0.9649) with decreasing 

smectite and increasing kaolinite concentrations.  

The influence of a change in water chemistry on the erosion thresholds of the 

reconstructed sediments was further observed. Samples containing the highest 

concentrations of smectite, when eroded with marine water, recorded an increase 

in mean erosion threshold of 448% against distilled water and 153% in comparison 

to rain water. The extent of increase in mean erosion thresholds declined with 

increasing concentrations of kaolinite with a linear relationship apparent for both 

distilled water (R2 0.89) and rain water (R2 0.99). The observed differences in 

erosion thresholds and response to a change in water chemistry between the two 

clay types was attributed to variations in the Double Diffuse Layer (DDL) between 

smectite and kaolinite clays with the role of this layer less important in the latter.  
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The laboratory study of Chapter 6 identifies that contrasts in clay mineralogy within 

intertidal cohesive sediments can have a significant influence on erosion 

thresholds and consequently sediment stability.  

8.4 Final summary 

Estuarine erosion can result in the loss of vital ecosystem services. With these 

areas under significant anthropogenic and environmental pressures it is imperative 

that our knowledge of the sediment dynamics is furthered to understand the 

response of these systems to a changing climate. With the limited number of 

investigations into temporal and spatial variations in intertidal cohesive sediment 

stability the erosion threshold data alone will provide a significant contribution to 

the research area. In addition the identification of site specific relationships 

between sediment properties and patterns of erosion and accretion with sediment 

stability provides important information to inform future research. Finally the 

knowledge that variations in clay mineralogy can have a significant influence on 

the erosion thresholds of intertidal cohesive sediments bridges a crucial gap in the 

understanding of cohesive sediment stability within intertidal locations. 
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