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Abstract 

Salt marshes are significant ecosystems whose survival largely depends upon the equilibrium 

between sea-level variations and sediment availability. With changing climate and increasing 

human disturbance influencing sediment transport within intertidal systems, it is unclear 

whether salt marshes will be able to retain their resilience. This study aims to i) investigate salt 

marsh resilience to embankment construction and changes in sea-level and storm activity and 

ii) develop a new luminescence-based approach, which is independent of stratigraphy and 

sediment composition, for the detection of storm activity across intertidal environments. The 

Ribble Estuary, North-West England, was used as a test case and the response of the system to 

embankment construction, sea-level rise and storm activity was investigated using an 

integration of numerical modelling and field analyses (paleoenvironmental reconstruction and 

monitoring). Results showed that the construction of embankments along an estuary shoreline 

can promote ebb dominance in the intertidal system and intensify sediment export, threatening 

marsh accretion, although this is negligible in a system characterised by high rates of marine 

sediment supply. Sea-level rise can also threaten estuary and marsh stability by promoting ebb 

dominance and triggering sediment export, but an increase in storm intensity has the potential 

to counteract the decrease in sediment budget caused by sea-level rise by promoting flood 

dominance and triggering sediment import. However, while storms enhance salt marsh vertical 

accretion, especially benefitting the marsh interior, the majority of the storm sediment supplied 

to the salt marsh platform are generated by an increase in erosion and resuspension of mudflat 

and tidal creek sediments, with implications for marsh lateral retreat. Results also demonstrated 

that luminescence signals of K-feldspar can diagnose differential modes of deposition across 

intertidal settings and can, therefore, successfully detect storm activity across intertidal 

environments. Overall, this study offers new perspectives and tools that can benefit both coastal 

research development and coastal management. 
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data, respectively 43% and 33%. The figure shows the parameters used by each 

component to separate the samples and the clusters formed by the samples that correlate 

with each other. The red circles highlight the samples collected at the marsh edge. 

Figure 39. PSDs of sediments from Irish Sea (a), sand dunes and sandflat (b), mudflat 

and creek (c) and Hesketh Out Marsh (d); end-member loading for EM1 (e) and EM2 (f); 

end-member scores for salt marsh and potential sediment sources (g). 

Figure 40. Location of the Ribble Estuary (a); location of Hesketh Out Marsh (HOM) (b) 

(© Google Earth Pro, 2022); location of the cores HOM19-1 and HOM19-2 and the 

modern analogues collected before (HOM21-1 and HOM21-2) and after (HOM22-1 and 

HOM22-2) the storm event (c) (© Google Earth Pro, 2022); photographic analysis of the 

core HOM19-1 and stratigraphic analysis of the cores HOM19-1 and HOM19-2 (d). 
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Figure 41. Depth profile (core HOM19-2) of OSL ages with derived accretion rates (a); 

depth profile (core HOM19-1) of geochemical proxies (Si/Al, Ca/K, Rb) and organic 

content (LOI) (b); depth profile (core HOM19-1) of median particle-size (D50) (c); 

EMMA-derived PSD profiles (d) and depth profile (core HOM19-1) of the PSD relative 

amounts (e); depth profile (core HOM19-2) of De (equivalent dose measured in Gy (J 

kg−1)) values calculated for IR50, pIRIR150 and pIRIR225 signals (f). 

Figure 42. PCA performed on the salt marsh and mudflat modern analogues collected 

before (HOM21-1/2) and after (HOM22-1/2) the storm and the core (HOM19-1) intervals 

showing sandflat-to-mudflat (150–70 cm depths) and mudflat-to-salt marsh (70–0 cm) 

transitions. Component 1 and component 2 summarise 76.9 % of the variance in the data, 

respectively 66.4 % and 10.5 %. The figure shows the parameters used by each 

component to separate the samples. The modern mudflat and salt marsh deposits differ 

from their paleo counterparts due to lower concentrations of heavy metals. 

Figure 43. EMMA-derived PSD profiles (a) and De (equivalent dose measured in Gy (J 

kg−1)) values relative to the IR50, pIRIR150 and pIRIR225 signals (b) for the salt marsh and 

mudflat modern analogues collected before (HOM21-1/2) and after (HOM22-1/2) the 

storm. 

Figure 44. Schematic of variation in bleaching potential of intertidal sediments (P) in 

relation to the evolution of the intertidal environment, hydroperiod (H), wave and tidal 

current induced shear stress (τ), and period of direct exposure to sunlight after deposition 

(T). 
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Figure S1. Abanico plots showing De values for the 11 OSL samples analysed, 

incorporating the results of the minimum age model (MAM). 

Figure S2. Weight limit (a) and explained variance (b) for the maximum possible number 

of end-members. 

Figure S3. NIRS spectra (a) and coefficients showing the best fit (b). 

Figure S4. Average water level at ocean boundary for the 2008 scenario forced with time-

series and with tidal harmonics. 

Figure S5. Tidal distortion (A4-2) for the scenarios without embankments (a) and with 

embankments (b). Where A4-2 increases (red arrow), the degree of the asymmetry is more 

significant. Tidal distortion (A4-2) (c), M2 amplitude (AM2, d) and M4 amplitude (AM4, 

e) difference between the scenarios with embankments and the scenarios with no 

embankments. Where A4-2 is positive there is an increase in distortion (red arrows) and 

the degree of the asymmetry change is more significant, where it is negative there is a 

decrease in distortion (blue arrows) and the degree of the asymmetry change is less 

significant. The continuous brown lines represent the land boundary. The dashed brown 

lines enclose the area of the domain used for the sediment budget calculation of Hesketh 

Out Marsh (i.e., the salt marsh platform). The dashed red lines indicate the position of 

the embankments at the time of bathymetric survey. 

Figure S6. Sediment budget integrated across the entire area of the restricted domain (a, 

c, e) and the salt marsh (b, d, f) for each surge height, for surges occurring at high tide 

(HT) and low tide (LT) without vegetation (no v) and with vegetation (v), for surges of 

different durations occurring at neap tide; (see Figure 23 for surges occurring at spring 

tide); scenarios run using an ideal only-mud bed composition. 

213 

214 

214 

215 

216 

221 



 

xxiii 
 

Figure S7. Difference between tidal distortion (A4-2) and asymmetry (Δθ) of 0.25 m, 0.5 

m, 2 m and 3 m surge scenarios and the no surge scenario at current sea-level (see Figure 

27 from for the 1 m and 4 m scenarios). When Δθ is positive there is an increase in ebb 

dominance with respect to the no surge scenario, when it is negative there is an increase 

in flood dominance; when A4-2 is positive, the degree of the asymmetry is more 

significant, vice versa when it is negative. The continuous brown lines correspond to the 

land boundary. The area enclosed by the brown dashed lines is the salt marsh. 

Figure S8. Difference between bottom friction in all surge scenarios and the no surge 

scenario during flood phase. Calculation of bottom friction followed Parker et al. (2007). 

The continuous brown lines correspond to the land boundary. The area enclosed by the 

brown dashed lines is the salt marsh. 

Figure S9. Water depth on the salt marsh platform during flood phase for vegetated and 

hypothetical non-vegetated scenarios for all surge scenarios. The continuous brown lines 

correspond to the land boundary. 

Figure S10. Panoramic of the starting points of the transects HOM-1 (marsh edge) and 

HOM-2 (creek bank) obtained with a FARO 3D laser scanner Focus X330 and photos 

displaying the locations of the sediment traps along each transect. 

Figure S11. Weight limit (a) and explained variance (b) for the maximum possible 

number of end-members. 

Figure S12. SSC (g/day) profile with distance from the marsh edge (a) and the creek bank 

(b), at ground level and at 30 cm from the ground, relative to stormy and non-stormy 

periods (see Figure 34 for the profiles relative to Feb-Mar and Apr-May). 
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Figure S13. Abanico plots showing representative De density distributions of the single 

aliquots for IR50, pIRIR150 and pIRIR225 signals of salt marsh, mudflat and sandflat, for 

selected samples extracted from HOM19-2, incorporating the results of the central age 

model (CAM). 

Figure S14. Abanico plots showing De density distributions of the single aliquots for IR50, 

pIRIR150 and pIRIR225 signals of HOM21-1 and HOM21-2 (pre-storm) and HOM22-1 

and HOM22-2 (post-storm), incorporating the results of the central age model (CAM). 

Figure S15. Abanico plots showing De distributions of the single aliquots for IR50, 

pIRIR150 and pIRIR225 signals for the remaining samples extracted from HOM19-2, 

incorporating the results of the central age model (CAM). 
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Thesis structure 

Chapter 1. Investigating salt marsh resilience: background and rationale 

Chapter 1 outlines the context and motivation behind this study as well as the main research 

goals. First, the ecosystem services provided by salt marshes are reviewed. Then, the 

importance of sediment availability for salt marsh survival and the contribution of tides to 

sediment supply are evaluated. Lastly, the climate and anthropogenic forcings that influence 

salt marsh stability and the current rate of salt marsh loss are examined, identifying the gaps in 

the current state of knowledge that defined the thesis aims. 

Authors’ contribution: 

N. Pannozzo: principal investigator and author, conceptualisation and figures production. 

Chapter 2. Study site and methodological approach 

Chapter 2 outlines the rationale behind the choice of the Ribble Estuary as case study and the 

combination of numerical modelling and field analyses as a methodological approach. The 

practical and scientific reasons behind the choice of the study site are first outlined. Then, the 

benefits of using numerical modelling in integration with field analyses are evaluated for the 

study of estuary and marsh response to climate forcings and anthropogenic disturbance at 

multiple spatial and temporal scales. Lastly, a review of the main features of the numerical 

model used (Delft3D) and the field techniques implemented (geochemical, particle size and 

luminescence analyses) is provided. 

Authors’ contribution: 

N. Pannozzo: principal investigator and author, conceptualisation and figures production. 
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Chapter 3. An integration of numerical modelling and paleoenvironmental analysis 

reveals the effects of embankment construction on long-term salt marsh accretion 

Published paper: Pannozzo, N., Smedley, R.K., Chiverrell, R.C., Carnacina, I., Leonardi, N., 

2022. Journal of Geophysical Research: Earth Surface, 127, e2021JF006524. 

https://doi.org/10.1029/2021JF006524 

Chapter 3 uses an integration of numerical modelling and paleoenvironmental analyses to 

investigate the contribution of embankment construction to long-term salt marsh accretion. 

Accretion rates derived using optically stimulated luminescence (OSL) dating are combined 

with a multi-proxy paleoenvironmental investigation on sediment cores extracted from Hesketh 

Out Marsh, the mobile seafloor of the central Irish Sea and the Ribble catchment area. The 

paleoenvironmental analyses are then compared to simulations conducted using the 

hydrodynamic model Delft3D to investigate the effects of embankment construction on the 

estuary hydrodynamics and morphodynamics over the period constrained by the OSL dating. 

The model-data integration shows that embankments are responsible for an overall 

intensification of the ebb currents in the system which promotes sediment export, although this 

did not compromise the long-term resilience of the Ribble marshes because of the high rates of 

marine sediment supply and the 60 years of river dredging, which enhanced the flood 

dominance of the tide near the tidal flat. 

Authors’ contribution: 

N. Pannozzo: principal investigator and author, conceptualisation, field/laboratory analysis, 

model setup, data processing and analysis, and figures production. 

R. K. Smedley: conceptualisation, investigation, manuscript development, and advice on 

experimental design, field/laboratory analysis, data processing and analysis and figures 

production. 
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Published paper: Pannozzo, N., Leonardi, N., Carnacina, I., Smedley, R.K., 2021. 

Geomorphology, 389 (4), 107825. https://doi.org/10.1016/j.geomorph.2021.107825 

Chapter 4 uses numerical modelling to investigate salt marsh resilience under the combined 

impact of sea-level rise and increased storm intensity. The hydrodynamic model Delft3D is 

employed to explore the change in estuary and marsh sediment budget under various simulated 

storm surge and sea-level scenarios. 

The analysis shows that storm surges can positively contribute to the resilience of the marsh 

and estuarine system by promoting flood dominance and triggering a net import of sediment, 

while sea-level rise can threaten the stability of the salt marsh and the estuary by promoting 

ebb dominance and triggering a net export of sediment. Results also show that storm surges 

have a general tendency to counteract the decrease in sediment budget caused by sea-level rise. 

Authors’ contribution: 

N. Pannozzo: principal investigator and author, conceptualisation, model setup, data processing 

and analysis, and figures production. 
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Chapter 5. Storm sediment contribution to salt marsh accretion and expansion 

Published paper: Pannozzo, N., Leonardi, N., Carnacina, I., Smedley, R.K., 2022. 

Geomorphology, 108670. https://doi.org/10.1016/j.geomorph.2023.108670 

Chapter 5 uses field analyses from an eight-month field campaign to understand the influence 

of storms on the sediment supply to different marsh areas and whether storms can deliver new 

material onto the salt marsh platform, which would otherwise not be sourced in fair-weather 

conditions. 

Field data from sediment traps indicates that storm activity causes an increase in inorganic 

sediment supply to the whole salt marsh platform, especially benefitting the marsh interior. 

Furthermore, the majority of the sediment supplied to the salt marsh platform during the stormy 

periods results to be generated by an increase in erosion and resuspension of mudflat and tidal 

creek sediments, while only a minimal contribution is given by the sediments transported from 

outside the intertidal system. This suggests that, in the long term, storms will promote salt 

marsh vertical accretion but might simultaneously reduce the overall larger-scale sediment 

availability with implications for the marsh lateral retreat. 
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Chapter 6 explores the use of luminescence approaches to detect storm deposition across 

intertidal environments. Sediment cores collected from the salt marsh are used to test whether 

luminescence properties of sand-sized K-feldspar grains could diagnose the differential modes 

of deposition across intertidal settings (i.e., sandflat, mudflat and salt marsh) in the longer-term 

sediment records by detecting the variability in sediment bleaching potential between settings 

(i.e., sediment exposure to sunlight), thus establishing a framework for the interpretation of 

luminescence properties of intertidal sediments. Modern sediment samples collected before 

and after a storm event are then used to test whether such properties could diagnose changes in 

sediment processing (i.e., bleaching potential) of mudflat sediments caused by storm activity, 
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despite no changes in sediment composition being recorded by geochemical and particle size 

distribution analyses. 

The analysis shows that luminescence can diagnose the differential modes of deposition across 

intertidal settings and can, therefore, successfully detect storm deposits across intertidal 

environments providing a new approach that can be applied to longer-term sediment records to 

reveal (and date) changes in the environment of deposition and/or depositional dynamics where 

there is no obvious stratigraphic evidence of such. 
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Chapter 7. Conclusions 

Chapter 7 summarises the key findings of this study and identifies the implications of such 

findings. After outlining the advances that this study made both in the understanding of salt 

marsh responses to climate forcings and anthropogenic disturbance and in the development of 

new tools that can help to more accurately unravel how climate forcings drive coastal change, 
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the implications of these findings are evaluated in the light of scientific advances needed in the 

research of coastal processes and essential information required for the assessment of coastal 

management measures. 
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Chapter 1 

Investigating salt marsh resilience: background and rationale 
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1.1 Salt marsh functioning 

Salt marshes are vegetated wetlands, typical of mid and high latitudes (mangroves are their 

tropical counterpart), distributed within the upper intertidal zone of low-energy shorelines, such 

as estuaries, deltas, bays and lagoons (Townend et al., 2011). They and are found on every 

continent with the exception of Antarctica (Figure 1 a; Mcowen et al., 2017), including some 

of the most populated coastlines (Figure 1 b; NASA, 2020). Salt marshes developed through 

the Holocene, owed to a deceleration in relative sea-level rise that allowed the infilling of low-

energy coastal zones with marine and riverine sediments (Engelhart and Horton, 2012). It is 

estimated that the current worldwide extension of marshland could reach ca. 40 Mha 

(Pendleton et al. 2012), although only 5,495,089 hectares in 43 countries have been mapped so 

far (Mcowen et al., 2017). 

Salt marshes develop when tidal flats, formed through the infilling of accommodation spaces, 

reach a threshold elevation relative to sea level that allows vegetation growth (Figure 2 a; 

Morris et al., 2002). Tidal flats increase in elevation through the delivery of fine sediments 

from rivers and the sea, which are transported over the intertidal platform during flood tide 

(Figures 3 and 5; Reed, 1990). Once vegetation colonises the tidal flats (Figure 2 b), it supports 

marsh growth and stability through organogenic production, particle capture by plant stems, 

and enhanced particle settling caused by a reduction in turbulent kinetic energy of the water 

flow through the plant canopy (Morris et al. 2002; Neumeier and Ciavola, 2004; Mudd et al., 

2010). As the vegetated platform continues to accrete vertically and expand horizontally, marsh 

portions with higher elevation start experiencing shorter and less frequent inundation, leading 

to a succession from pioneer marshes, which are characterised by low elevations and populated 

by macrophytes and aquatic fauna, through to mature marshes, which are characterised by high 

elevations and populated by halophytic shrubs and terrestrial fauna, generating a wide range of 

habitats (Figure 2 c; Bertness et al., 2002; Pratolongo et al., 2019). 
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Figure 1. Maps of the worldwide salt marsh (© Mcowen et al., 2017) (a) and human population 

(© NASA, 2020) (b) distributions. 
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Figure 2. Photos showing salt marsh formation (a) and maturing salt marsh (b) at Hesketh 

Bank (Ribble Estuary, UK) and diagram showing salt marsh zonation (© Bertness et al., 2002) 

(c). 

The high levels of primary productivity that characterise salt marsh vegetation also allow 

nutrient removal and high rates of carbon sequestration at geological time scales (Zedler and 

Kercher, 2005; Barbier et al., 2011). Salt marshes also have the ability to buffer storm surges 

and waves - as vegetation  increases the surface roughness, increasing the frictional drag and 

slowing down the water flow - and to stabilise sediments through the binding action of plant 

roots, thus protecting the coastline against flooding and erosion (Möller et al. 1999; Feagin et 

al., 2009). 
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1.2 The importance of sediment availability for marsh survival 

Being located at the land-sea interface, salt marsh survival largely depends on the equilibrium 

between sea-level variations and sediment availability (Mariotti and Carr, 2014; Ma et al., 

2014; Mitchell et al., 2017). Salt marshes are generally resilient to sea-level rise when sediment 

supply and organogenic production are high enough to allow salt marshes to accrete and expand 

at the same pace as sea-level rise (Kirwan et al., 2010). Sediment supply to the salt marsh 

platform primarily depends on the availability of suspended sediment concentrations within the 

intertidal zone (Temmerman et al., 2004; Kirwan et al., 2010; Willemsen et al., 2021). The 

availability of suspended sediment in the water column is controlled by current velocities and 

wave energy, responsible for sediment resuspension (Figure 3; Rose and Thorne, 2001; Zhang 

et al., 2019). According to Kirwan et al. (2010), the amount of suspended sediment 

concentrations available within the intertidal area has to be at least ∼20 mg/L to allow marsh 

survival under current rate of sea-level rise. Currents and waves are also responsible for 

sediment transport across the intertidal system and for the sediment supply to the salt marsh 

platform (Figure 3; Rose and Thorne, 2001; Zhang et al., 2019). Sediment deposition is 

positively correlated with duration and frequency of tidal inundation (i.e. hydroperiod) (Reed, 

1990); the capacity of salt marsh surfaces to trap these sediments, however, depends on the age 

of the marsh, with young low marsh surfaces trapping sediments at a high rate until they reach 

an equilibrium level with mean high water, whereas high old marsh surfaces accrete at a slower 

rate comparable to the rate of sea-level rise (Temmermann et al., 2004). 
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Figure 3. Diagram showing marine and riverine sediment inputs to an intertidal system and 

the contribution of waves and tidal currents to sediment resuspension from the tidal flat and 

transport over the salt marsh platform (© Leonardi et al., 2018). 

1.3 Tides contribution to sediment supply 

As sediments are delivered to salt marsh platforms during flood tide, the amount of sediment 

that can reach salt marshes depends on the quantity of sediment entering and exiting the system 

during each tidal cycle (Guo et al., 2016; Palazzoli et al., 2020). Sediment transport within 

intertidal systems is primarily influenced by tidal asymmetry and distortion. When there is a 

flood dominance (flood phase shorter and more intense than ebb phase), flood velocities are 

sufficiently high to resuspend sediment and promote landward sediment import while, in the 

case of ebb dominance (ebb phase shorter and more intense than flood phase), ebb velocities 

transport suspended sediment out of the systems enhancing sediment export (Van Dongeren 

and de Vriend, 1994; Lanzoni and Seminara, 2002). 

The distortion and asymmetry of a tidal signal are usually analysed using the principal lunar 

semi-diurnal constituent M2, which is the dominant astronomical tidal constituent, and the 

largest shallow water constituent M4, which is the pure second harmonic (or overtide) of the 
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constituent M2 that forms in shallow water due to non-linear processes (Friedrichs and Aubrey, 

1988; Blanton et al., 2002). The distortion is calculated using the ratio A4-2=AM4/AM2 where A 

is the amplitude of the tidal height and the asymmetry is calculated using the relationship 

Δθ=2θM2-θM4 where θ is the phase of the tidal height (Friedrichs and Aubrey, 1988; Blanton et 

al., 2002). When Δθ is between 0° and 180° the flood phase dominates, whereas when it is 

between 180° and 360° the ebb phase dominates; the magnitude of A4-2 is representative of the 

significance of the dominance (Figures 4 a, b; Friedrichs and Aubrey, 1988). 

  

Figure 4. Diagram showing flood and ebb dominance with respect to the phase difference 

Δθ=2θM2-θM4 (i.e. tidal asymmetry - when Δθ is between 0° and 180° the flood phase 

dominates, whereas when it is between 180° and 360° the ebb phase dominates) (a); graph 

showing the height of the principal lunar semi-diurnal constituent M2, the largest shallow 

water constituent M4, and M2+M4 with a phase difference Δθ=2θM2-θM4 of 0° (i), 90° (ii), 

180° (iii) and 270° (iv) and an amplitude ratio A4-2=AM4/AM2 of 0.3 (© Guo et al., 2016) (b). 
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1.4 Climate forcings and anthropogenic activities influencing salt marsh stability 

Encroachment and survival of salt marshes are only possible if marsh vertical accretion and 

lateral expansion can keep pace with sea-level rise (Mariotti and Carr, 2014; Ma et al., 2014; 

Mitchell et al., 2017). Vertical accretion and lateral expansion are determined by sediment 

supply and organogenic production (Kirwan et al., 2010, 2016; Donatelli et al., 2020), but 

sediment supply to marsh platforms is affected by several external forcings, which can either 

enhance marsh stability or threaten it (Figure 5). 

 

Figure 5. Diagram showing marine and riverine sediment inputs to an intertidal system, salt 

marsh advance, retreat and change in elevation, and the influence of sea-level rise and wind 

waves on such processes (© Fagherazzi et al., 2020). 

Increasing rates of sea-level rise (Figure 6; Masson-Delmotte et al., 2018) can lead to marsh 

drowning and lateral retreat, as sea-level rise creates new accommodation space, increasing the 

amount of sediment input required to guarantee marsh stability (FitzGerald et al., 2008; Kirwan 

et al., 2010; Ganju et al., 2017; Leonardi et al., 2018; Fagherazzi et al., 2020), and, in some 

locations, promotes near-shore ebb dominance, enhancing sediment export from the intertidal 

system (Carrasco et al., 2018; Zhang et al., 2020). Wind waves triggered by storms can also 

threaten marsh stability as wave overtopping is responsible for erosion of the marsh scarp, 
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which in the long-term causes the collapse of the marsh platform edge (Marani et al., 2011; 

Fagherazzi et al., 2013; Leonardi and Fagherazzi, 2014; Leonardi et al., 2016; Leonardi et al., 

2018; Li et al., 2019). However, while some studies have shown that storm waves can 

contribute to marsh erosion, others have observed that storm waves can resuspend sediments 

from the seabed, which can then be transported into the estuarine system by tidal currents, thus 

contributing to sediment supply to the salt marsh (Fernández-Mora et al., 2015; Brooks et al., 

2017). Furthermore, there is evidence that overwash by storm surges delivers considerable 

amount of sediments to marsh platforms, supporting marsh growth (Turner et al., 2006; Walters 

and Kirwan, 2016; Castagno et al., 2018) and potentially contributing to salt marsh resilience 

to sea-level rise (Schuerch et al., 2013). 

 

Figure 6. Projections of mean sea level change relative to 1900 according to different emission 

scenarios (© Masson-Delmotte et al., 2018). 

Anthropogenic activities that interfere with sediment supply to the coast can also have an 

impact on salt marsh resilience. For instance, in coastal systems where sediment input is 

predominantly riverine, the vulnerability of salt marshes to increasing sea levels is further 
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exacerbated by river dredging and damming, which cause a shortage of seawards sediment 

supply (Ganju et al., 2017; Donatelli et al., 2018). Sea defences have also the potential to affect 

sediment supply to marsh platforms. When salt marshes and tidal flats are embanked, tidal 

inundation is prevented or reduced, thus limiting the amount of marine sediment that can reach 

the marsh platform (e.g., Kiesel et al., 2020; Kiesel et al., 2022). Furthermore, several studies 

around the world have observed that the presence of embankments along an estuary alters tide 

propagation (e.g., Pelling et al., 2013; Holleman and Stacey, 2014; Carless et al., 2016), 

therefore changing the sediment transport dynamics within an intertidal system (Guo et al., 

2016; Palazzoli et al., 2020). Consequently, in systems which are largely filled with marine 

sediments, the implementation of sea defences could either aggravate marsh vulnerability by 

enhancing sediment export or support marsh growth by promoting the infilling of intertidal 

areas (Van Dongeren and de Vriend, 1994; Lanzoni and Seminara, 2002). Similarly, other 

coastal management interventions that change the geometry of the intertidal basin (e.g., 

dredging) can affect tidal asymmetry (Zhu et al. 2015; Van Maren et al. 2015), hence sediment 

supply to salt marsh platforms (Donatelli et al., 2020). Ultimately, direct alteration of salt marsh 

morphology (e.g., construction of ditches for drainage purposes), can change the natural 

hydrodynamics of salt marshes, affecting marsh platforms elevation, with consequences also 

for habitats zonation (Tonjes et al., 2013). Indeed, extensive salt marsh areas have been lost in 

the last centuries due to a combination of anthropogenic activities and sea-level rise (e.g., 

Bakker et al., 1993; Kennish et al., 2001). 

Due to their recognised ecological and economic value, numerous projects around the world 

have been conducted to create new salt marshes and/or restore lost salt marshes to provide 

long-term and low-cost coastal protection while preserving ecological productivity and 

contributing to achieving net-zero goals (Temmerman et al., 2013). Nevertheless, despite the 

global effort in protecting these ecosystems, increasing rates of salt marsh loss have been 
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recorded worldwide, with 1,453 km2 lost globally only over the last 20 years (Campbell et al., 

2022). 

1.5 Research gaps and thesis aims 

Despite the numerous insightful studies investigating the impact of climate forcings and 

anthropogenic disturbance on salt marsh dynamics, there are still many uncertainties over the 

extent to which these forcings affect long-term salt marsh resilience (Fagherazzi et al., 2020). 

G1. First of all, the impact of coastal management interventions (e.g., embankment 

construction, dredging) on marine sediment supply to salt marsh platforms is still very poorly 

understood. In fact, while the effects of these activities on tidal propagation have been widely 

observed, there is yet a lack of studies investigating how the changes in tidal dynamics caused 

by such interventions affect salt marsh sediment budget and whether they are significant 

enough to affect long-term salt marsh stability. Due to the popular employment of hard sea 

defences for the protection of coastal areas (Floerl et al., 2021), it is especially necessary to 

understand the effects of embankment construction on salt marsh accretion. 

G2. Secondly, although the separate effects of storms and sea-level rise on salt marsh stability 

have been widely investigated, few studies have explored the combined impact of changing 

storm activity and sea-level rise on the sediment budget of a salt marsh and their combined 

effect on sediment transport within an intertidal system has yet not been discussed (e.g., 

Schuerch et al., 2013). Hence, a comprehensive view on the extent to which storms can 

counteract the impact of sea-level rise on salt-marsh accretion is still missing. 

G3. There are then uncertainties on the degree to which storms contribute sediments to different 

areas of marsh platforms (e.g., outer marsh vs marsh interior) and on the sediment sources that 

storms draw on (e.g., offshore vs nearshore). Indeed, although the hydrodynamics influence on 
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sediment supply to different areas of marsh platforms is well understood (Rose and Thorne, 

2001; Zhang et al., 2019), the extent to which storms can affect suspended sediment availability 

across salt marshes is still unknown. Nonetheless, determining how storm sediment supply 

affects different areas of the marsh platform is crucial for understanding to what extent salt 

marsh vertical accretion can benefit from storm activity (Reed et al., 1990; Roberts and Plater, 

2005). Determining the provenance of sediments supplied by storms, instead, allows to 

understand whether storms can also benefit marsh lateral expansion (Mariotti and Fagherazzi, 

2013; Fagherazzi et al., 2013) by delivering to the marsh platform sediments from outside the 

intertidal system (Cahoon et al., 1995) or whether they can further reduce the overall sediment 

availability to the salt marsh (Roner et al., 2021) by enhancing the erosion of the adjacent 

mudflats and tidal creeks (Grant et al., 1997; Wesselman et al., 2017; Brooks et al., 2017). 

However, the few studies that have explored storm sediment provenance provide inconsistent 

results (e.g., Cahoon et al., 1995; Grant et al., 1997; Wesselman et al., 2017; Brooks et al., 

2017). 

G4. A further issue is represented by the shortage of long-term data which are necessary for 

validating and informing long-term modelling studies upon which the assessment coastal 

management measures rely (Capotondi et al., 2019). While numerous long-term records of 

human activity and sea level derived from well-established proxies are available from around 

the world (e.g., Lepofsky et al., 1996; Stefani and Vincenzi, 2005; Engelhart et al., 2011; 

Shennan et al., 2018), there are still inconsistencies in long-term storm activity records, as 

traditional paleoenvironmental techniques rely on abrupt changes in stratigraphy and 

composition for the reconstruction of extreme events, which do not always occur during storm 

activity (Grant et al., 1997; Wesselman et al., 2017; Brooks et al., 2017). Nevertheless, several 

studies have outlined how storm frequency needs to be considered when investigating storm 

contribution to long-term salt marsh resilience (e.g., McCloskey and Liu, 2012; Schuerch et 
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al., 2013; Walters and Kirwan, 2016; Bianchette et al., 2022); hence, it is a fundamental goal 

to provide a new approach to diagnosing storm activity in the geological record that does not 

rely solely upon a change in sediment composition and stratigraphy. 

To address these knowledge gaps, this study aims to: 

i) better understand salt marsh resilience to changes in climate forcings and sea defences 

implementation, by 

O1. investigating the effects of embankment construction on long-term salt marsh 

accretion (Chapter 3), 

O2. exploring estuarine and salt marsh response to the combined impact of sea-level 

rise and increased storm intensity (Chapter 4), 

O3. quantifying storm sediment contribution to different areas of marsh platforms and 

determining the sediment sources that storms draw on (Chapter 5); 

ii) develop a new luminescence-based approach for the detection of storm activity across 

intertidal environments which is stratigraphy and sediment composition independent (Chapter 

6), by 

O1. testing whether luminescence signals can diagnose differential modes of deposition 

across intertidal settings, 

O2. testing whether these signals can detect storm activity across intertidal 

environments that remain undetectable with existing techniques that depend on 

sediment composition. 
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2.1 The choice of the study site 

The Ribble Estuary, located on the Lancashire coast, North-West England (Figure 7 a), was 

chosen as a case study for this project because of its environmental (Natural England, 2019; 

RSPB, 2019) and economic (Tovey et al., 2009) importance, in addition to its exposure to 

escalating climate hazards (e.g., increasing rates in sea-level rise; PSMSL, 2019) and extensive 

anthropogenic interventions (e.g., embankment construction and dredging; van der Wal et al., 

2002), which make it suitable for the investigation of salt marsh response to climate and 

anthropogenic forcings. 

The Ribble Estuary is a Site of Special Scientific Interest (SSSI), which extends for c.a. 9,226 

ha, and it is home to the Ribble Marshes National Nature Reserve, which extends for c.a. 2,302 

ha (Natural England, 2019). The estuary and its marshes - covered predominantly by 

Puccinellia maritima and Spartina townsendii - host c.a. 250,000 migrating water birds and 

thousands of nesting birds belonging to twelve different species, while the sand dunes on both 

sides of the estuary and the mosses behind the dunes and marshes host one of the most diverse 

vegetation found in the UK and a wide range of rare and declining wildlife (RSPB, 2019). 

Hesketh Out Marsh (Figure 7 b), one of the most extensive salt marshes within the Ribble 

Marshes National Nature Reserve, faced a multi-million two-phase scheme implemented 

between 2007 and 2017 to restore the intertidal habitat, reclaimed for agricultural purposes in 

1980, with the goal to enhance the protection of coastal infrastructures against flooding and 

restore the habitats loss during the period of reclamation (Tovey et al., 2009). The management 

and protection of this site is, therefore, crucial from both an environmental and an economic 

perspective. 

The Ribble Estuary is a funnel shaped, tidally dominated and macrotidal estuary (Wakefield et 

al., 2011). The extensive tidal flats and salt marshes lying along the riverbanks (Figure 7 b) are 
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thought to have formed through the combination of infilling of sandy sediments from the bed 

of the Irish Sea and the deposition of silt and clay-sized sediments coming from the River 

Ribble, with the sea influencing the sediment supply to the estuary in a much more significant 

quantity than the river (Wright et al., 1971; van der Wal et al., 2002), and tidal pumping being 

the main process introducing sediments into the estuary, especially during storms (Lyons, 

1997). The bed of the central Irish Sea is, in fact, characterised by waves of mobile sediments 

that move up to 70 m per year (Van Landeghem et al., 2012), which are a legacy of large 

sediment volumes deposited by ice retreating northwards up the Irish Sea during the last 

deglaciation (Van Landeghem and Chiverrell, 2020; Scourse et al., 2021). Glacial Isostatic 

Adjustment (GIA) models and geological sediment records show a long-term decrease in the 

rate of relative sea-level rise in North West England for the past 2000 years (Tooley, 1974; 

Shennan et al., 2018). However, sea level reconstructions and historical tidal gauge records 

show that, for the past ca. 240 years, the rate of sea-level rise has been increasing again (from 

ca. 0.39 mm yr-1 to ca. 2 mm yr-1), thus causing an increase in the accommodation space (Plater 

et al., 1993; Woodworth et al., 1999; PSMSL, 2019). In 1810, the intertidal areas started to be 

reclaimed for agricultural purposes, and dredging operations were conducted between 1847 

and 1910 to facilitate navigation through the channel that was experiencing infilling (van der 

Wal et al., 2002; Parsons et al., 2013a). As the survival of this intertidal system is thought to 

largely depend on long-term marine sediment supply and storm sediment inputs, the stability 

of the Ribble marshes could be highly susceptible to the potential impacts of climate change 

and anthropogenic disturbance on sediment dynamics. Nevertheless, owed to the wealth of 

natural and anthropogenic forcings that the Ribble Estuary is exposed to, this site represents a 

living laboratory that can be exploited to better understand to what extent human interference 

and changes in climate forcings can affect marsh resilience. 
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Figure 7. Location (a) and map (b) of the Ribble Estuary and its extensive tidal flats and salt 

marshes (© Google Earth Pro, 2022). The red rectangle outlines the salt marsh area involved 

in the 2007-2017 restoration scheme (Hesketh Out Marsh). 

2.2 Quantifying salt marsh resilience: estimating sediment budgets and tracing sediment 

transport pathways 

As salt marsh survival largely depends on sediment availability and dynamics, to fully evaluate 

long-term marsh resilience, it is necessary to quantify all sediment fluxes in and out of the 

intertidal system, which are a direct measure of sediment availability within the system, and to 

assess all sediment dynamics within the tidal flat-salt marsh complex, which help determine 

how such sediments are delivered to and retained by the salt marsh platform (Fagherazzi et al., 

2020). Two useful metrics to evaluate these processes are sediment budgets (Ganju et al., 2015) 

and sediment transport pathways (Pearson et al., 2020). Sediment budgets result from the 

balance of sediment inputs and outputs for a defined system and time period, and can therefore 

be employed to determine whether a system has an overall surplus or deficit of material 

(Slaymaker, 2003). Sediment budgets have been extensively used to evaluate the life-span of 

tidal flats and salt marshes as an overall surplus of sediment is generally associated with the 

accretion of a system, while an overall sediment deficit is associated with erosion (Ganju et al., 
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2015). When sediment budgets are quantified for a whole tidal flat, they can help understand 

sediment fluxes in and out of the intertidal system and determine the overall resilience of the 

system (e.g., Li et al., 2018), while estimating sediment budgets for a salt marsh platform can 

help determine how sediments move between the tidal flat and the marsh platform and 

determine the resilience of the marsh platform (e.g., Donatelli et al., 2018). However, although 

sediment budgets can help diagnose sediment movement, to fully understand marsh resilience 

it is also necessary to trace sediment transport pathways and determine what are the sediment 

sources and sinks within and outside an intertidal system and how sediments move between 

those (Pearson et al., 2020). Determining sediment sources and sinks can help understand the 

sediment trapping capacity of different tidal flat and salt marsh areas, thus providing an 

estimate on the degree of resilience that certain tidal flat and salt marsh areas might have with 

respect to others (e.g., Zhang et al., 2019). This study uses a combination of sediment budget 

studies and analyses of sediment sources and sinks to fully understand the degree of resilience 

that salt marshes have with respect to anthropogenic disturbance and climate change. 

2.3 The benefits of using a multidisciplinary approach 

Numerical models are widely employed for the investigation of intertidal systems to climate 

forcing and anthropogenic disturbance, as they are able to simulate hydrodynamic-

morphodynamic feedbacks at multiple spatial and temporal scales relatively quickly and 

without the deployment of resources necessary to run field campaigns that are able to cover the 

same time and spatial extents (Fagherazzi et al., 2012). The most popular ones are finite-

different hydrodynamic and transport models – e.g., Delft3D, COAWST – which compute 

unsteady shallow water equations in two (depth-averaged) or three dimensions and can 

therefore be used to investigate the effects of currents and waves on sediment transport and 

morphology, while also exploring how currents and waves adjust to morphological changes 

(Lesser et al., 2004; Warner et al., 2010), with the capacity to simulate scenarios that span from 
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days to centuries with a spatial resolution ranging from meters to kilometres (e.g., Veeramony 

et al., 2017; Fernández-Fernández et al., 2019; Elmilady et al., 2021). These features allow to 

use the outputs of numerical simulations for a variety of purposes, including sediment budgets 

and sediment tracing analyses (e.g., Li et al., 2018; Donatelli et al, 2018; Zhang et al., 2019). 

Despite their advantages, however, numerical models cannot be used as a stand-alone method 

of investigation of coastal processes. First of all, to produce realistic scenarios, models have to 

be forced with hydrodynamic, meteorological, topographic and sediment data derived either 

from other models (for forecasting simulations) or from field campaigns and remote sensing 

observations (for simulations of present-day scenarios or hindcasting simulations) (Lesser et 

al., 2004; Warner et al., 2010). Secondly, to assess the performance of a model, calibration and 

validation protocols have to be followed, which imply the comparison of model outputs with 

data derived from direct measurements (e.g., Elias et al., 2012; Leonardi et al., 2013). There 

are then some performance-related limitations that need to be considered. Hydrodynamic and 

transport models can face challenges in accurately simulating scenarios that span beyond a few 

centuries or in simulating processes at a spatial resolution higher than a few meters, due to 

instabilities that the models start experiencing at such scales (Stelling, 1984). Conversely, field 

measurements (e.g., of topography, vegetation coverage, suspended sediment concentrations) 

and field and laboratory analyses of sediment properties (e.g., biogeochemical composition, 

particle size, magnetism) that are proxies for hydrological, meteorological and sedimentary 

processes, can provide fairly accurate hydrodynamic and morphodynamic measurements at 

high spatial resolution (e.g., Grant et al., 1997; Tognin et al., 2021). In addition, when applied 

to sediment cores, such field and laboratory analyses allow to investigate these dynamics at 

time scales ranging from centuries to millennia (e.g., Madsen et al., 2007a; Plater et al., 2007; 

Gunnell et al., 2013). Through direct measurements or the analyses of sediment properties, 
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field and laboratory tools also allow to perform sediment budget and sediment tracing studies 

(e.g., Madsen et al., 2005; Hazermoshar et al., 2016). 

To provide a comprehensive understanding of the sediment dynamics that characterise 

intertidal systems at multiple temporal and spatial scales, it is therefore necessary to adopt a 

multidisciplinary approach (e.g., Hopkinson et al., 2018). To assess salt marsh resilience to 

anthropogenic disturbance and climate change, this study integrates numerical simulations, 

direct topographic, hydrodynamic and suspended sediment measurements, and geochemical, 

particle size and luminescence analyses performed on both surface sediments and sediment 

cores. 

2.4 Numerical modelling 

Numerical simulations for this study were performed using the finite-difference model 

Delft3D, which computes unsteady shallow water equations in two (depth-averaged) or three 

dimensions on a curvilinear, boundary fitted grid or spherical coordinates (Lesser et al., 2004). 

The model is composed of three principal modules. The FLOW module is a hydrodynamic and 

transport simulation programme which calculates non-steady flow phenomena and suspended 

and bed total load transport processes of multiple cohesive and non-cohesive sediment 

fractions, resulting from tidal and meteorological forcings. It computes non-linear topographic 

effects on the flow and the exchange of sediments between the bed and the flow, accounting 

for vertical diffusion of sediments due to turbulent mixing and sediment settling due to gravity. 

The WAVE module is based on the spectral wave model SWAN (Booij et al., 1999) and 

computes the non-steady propagation of short-crested waves considering nonlinear wind 

action, wave-wave interaction, energy dissipation due to bottom friction, wave breaking, 

refraction (due to bottom topography, water levels and flow fields), shoaling and directional 

spreading. The FLOW and WAVE modules are forced at an open boundary with observed or 
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modelled data and can be used in combination to realistically integrate flow and wave 

propagation. The MOR module computes suspended and bed total load transport and 

morphological changes for cohesive and non-cohesive sediment fractions, and feedbacks with 

the FLOW and WAVE modules to simulate the effects of currents and waves on sediment 

transport and morphology, while allowing the flows and waves to adjust themselves to the local 

bathymetry (Figure 8). 

The MOR module can also be adapted to simulate these processes on any time scale from days 

to centuries at various spatial resolutions, it can keep track of the bed composition to build a 

stratigraphic record, and it can be extended to include features that simulate damming, dredging 

and dumping scenarios. Additional features can be incorporated to simulate the vegetation 

presence on the intertidal platform and its effect on the flow and wave fields. As numerous 

studies around the globe have successfully demonstrated, these features allow simulation of 

the effects of climate forcings and anthropogenic activities on hydrodynamic-morphodynamic 

feedbacks at multiple spatial and temporal scales rather accurately (e.g., Veeramony et al., 

2017; Castagno et al., 2018; Fernández-Fernández et al., 2019; Zhang et al., 2020; Elmilady et 

al., 2021). A detailed description of Delft3D and the FLOW, WAVE and MOR modules can 

be found in Deltares (2019 a, b). 

 

Figure 8. Schematics of Delft3D work flow for a single time step (© Hillen, 2009). 
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2.5 Field analyses 

2.5.1 Geochemistry and particle size 

Geochemical and particle size analyses are widely employed for the study of sediment 

dynamics that are directly associated with changes in energy levels or changes in sediment 

composition and, in intertidal settings, they have been often used to reconstruct environmental 

transitions (e.g., Plater et al., 2007; Kolditz et al., 2012) and infer sediment provenance (e.g., 

Plater et al., 2000; Hazermoshar et al., 2016). 

As observed by Stupples and Plater (2007) and by Rahman and Plater (2014), the different 

energy levels found across intertidal settings are associated with differential modes of 

deposition that characterise each type of setting and, consequently, with different particle size 

distributions: (i) sandflats, which experience high energy currents, are characterised by coarse, 

well sorted to moderately sorted, positively skewed to symmetrical distributed, meso- to 

leptokurtic sediments which are transported as traction load by the fast tidal flow velocities 

(i.e., during the flood phase) and deposit through infilling; (ii) salt marshes, which experience 

very slow currents, are characterised by very fine, poorly sorted, near-symmetrical distributed 

and platykurtic sediments which are transported as suspended load and deposit through settling 

during the turn of the tide (i.e., during the ebb phase); (iii) mudflats, which are transitional 

environments, are characterised by fine, very poorly sorted, positively skewed to symmetrical 

distributed, meso- to platykurtic sediments which experience mixed transport conditions 

(Figure 9). Hence, particle size analyses can be employed to investigate transitions from one 

intertidal setting to another (Plater et al., 2007). As particle size distributions are indicative of 

different levels of energy, they also have the potential to be used to speculate on the distance 

travelled by sediments before deposition. 
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Figure 9. Particle size distribution profiles of intertidal sediments as a function of elevation 

relative to tidal height and flow velocity (© Stupples and Plater, 2007). 

Similarly, as observed by Plater et al. (2007), Kolditz et al. (2012) and Hazermoshar et al. 

(2016), sediment composition can also differ between intertidal environments: (i) sandflats are 

rich in Si (sand content indicator), Ca and Sr (shell content indicators), and Na (salt water 

indicator); (ii) silt-mudflats are rich in Zr, K, Al, Ti, Rb, Nb (silt and clay mineral indicators); 

(iii) salt marshes are rich in K, Al, Ti, Rb, Nb (clay mineral indicators) and LOI, S, Br (organic 

content indicators). Geochemical analyses can therefore be used as an additional proxy to 

investigate environmental transitions within an intertidal system. Geochemical properties of 

sediments, however, are generally inherited from parent material and are therefore 

predominantly used to investigate sediment provenance (e.g., Figure 10; Garzanti et al., 2020). 

In the study of intertidal settings, geochemical properties of sediments have often been 

analysed to infer the marine or riverine provenance of the intertidal sediments (e.g., Plater et 

al., 2000; Hazermoshar et al. 2016). 
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Figure 10. Geochemical characterisation of sediments collected from two river catchments 

(Pearl River and Yangtze River) in South-East, the coast of South-East China and the western 

Taiwan sand and sandstones used to infer the provenance of the western Taiwan sandstones 

(© Garzanti et al., 2020). 

2.5.2 Luminescence 

Luminescence is a technique based upon the principle that, when minerals such as quartz and 

feldspars are stimulated by light, heat or pressure, electrons that were stored in the crystal lattice 

of the minerals are released but, when buried, the minerals are exposed for a period of time to 

natural radiation (environmental dose-rate) which re-traps electrons within the crystal lattice 

(Aitken, 1985). The movement of electrons into different energetic states produces a signal 

called luminescence. When electrons are released due to external stimulations (e.g., sunlight 

exposure during transport and deposition), the luminescence signal is reset (or bleached); when 

minerals are buried (and shielding from external stimulation), the signal re-accumulates and 
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can be stored during burial from a few minutes to millions of years (Figure 11; Duller, 2008). 

During the bleaching process, when all the mineral grains in a sediment sample are heated or 

exposed to sunlight for sufficient periods of time to completely zero the signals from all grains 

(e.g., a few seconds for quartz and a few hours for feldspar), the grains are said to be well-

bleached (e.g., in aeolian environments). When the opportunity for sunlight exposure is limited 

(e.g., in turbulent water columns), the luminescence signals of some individual grains in a 

population of a sample might never or only partially be reset and the grains are said to be 

partially bleached. By exposing the mineral grains to an external stimulus, light or heat, in a 

laboratory, it is possible to measure how much energy was stored during burial (e.g., Murray 

et al., 2021). This stimulus excites the electrons trapped within the crystal lattices and causes 

the emission of a photon of light. The measured is termed thermoluminescence (TL) if the 

mineral is thermally stimulated, or if it is light stimulated, it is termed optically stimulated 

luminescence (OSL) for quartz and infrared stimulated luminescence (IRSL) for feldspar. The 

measured luminescence signal emitted from a mineral can then be compared to signals resulting 

from known radiation doses delivered in the laboratory to the same sample, to interpolate the 

intensity of the signal emitted from the mineral (i.e., equivalent dose or De). 

The luminescence properties of sediment grains can be exploited for a variety of applications. 

The most common application is sediment burial dating. Assuming that the environmental dose 

rate is constant over time, it is possible to determine the time elapsed since the mineral was last 

exposed to light, heat or pressure prior to burial. The date at which the sediment was buried is 

obtained by dividing the equivalent dose (or De) by the environmental dose rate (e.g., Smedley, 

2018). Luminescence of quartz and feldspars has been successfully applied to intertidal 

sediments dating to constrain both long-term accretion rates (e.g., Madsen et al., 2007a) and 

deposition of sediments derived from high energy events – i.e. storms and tsunamis (e.g., 

Madsen et al., 2009; Davis et al., 2010). Hence, luminescence dating can be employed in 
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combination with paleoenvironmental proxies to investigate the impact of climate and 

anthropogenic forcings on salt marsh formation and accretion and, compared to other dating 

proxies commonly employed to investigate marshland settings (e.g., 210Pb, 137Cs), it can be 

applied to a broad range of organic and inorganic materials and can retrieve ages spanning from 

present days to hundred thousand years ago (Madsen et al., 2005). 

Since the equivalent dose is indicative of how well-bleached the mineral grains were before 

they were buried, luminescence can also be exploited to infer the nature of the bleaching 

environment (e.g., the presence or absence of sediment processing) (Gray et al., 2019). It has 

been deployed in a few studies to date as a sediment tracer to identify sediment sources and 

transport pathways in both coastal and fluvial settings (Sawakuchi et al., 2011, 2012, 2018; 

Ahmed et al., 2014; Haddadchi et al., 2016; Gray et al. 2017, 2018). In intertidal settings, the 

differential degrees of bleaching could be potentially used to infer the intertidal sediment 

dynamics which are associated with differential modes of deposition (e.g., sediment transport 

and deposition occurring during fair-weather conditions and during stormy conditions). 

 

Figure 11. Diagram illustrating the luminescence signal as charge of a rechargeable battery, 

which resets when sediment grains are exposed to heat or sunlight (during transport and 

deposition) and re-accumulates after burial (© Duller, 2008). 
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Chapter 3 

An integration of numerical modelling and paleoenvironmental analysis 

reveals the effects of embankment construction on long-term salt marsh 

accretion 
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3.1 Preface 

Despite the popular implementation of hard sea defences for the protection of coastal areas, 

their impact on marine sediment supply to salt marsh platforms is still very poorly understood. 

However, there is evidence that embankments can affect tidal propagation, hence they are 

likely to also affect sediment transport. This chapter investigates the effects of embankment 

construction on salt marsh accretion using a combination of short-term modelled scenarios and 

long-term paleoenvironmental reconstructions. Paleoenvironmental reconstructions allow to 

investigate any potential shifts in the long-term accretion of a salt marsh platform and correlate 

such potential changes with the historical record of estuary management interventions. Short-

term modelling, on the other hand, is useful to understand how embankments change tidal and 

sediment transport dynamics within the intertidal system, hence sediment supply to the salt 

marsh. Used in combination, these analyses can provide a complete picture on the effects of 

sea defences on long-term marsh accretion. 

3.2 Abstract 

There are still numerous uncertainties over the influence of anthropogenic interventions on salt 

marsh dynamics. This study uses the Ribble Estuary as a test case and an integrated approach 

of numerical modelling and paleoenvironmental analysis to investigate the contribution of 

embankment construction to long-term marsh accretion. Accretion rates derived using optically 

stimulated luminescence dating (OSL) were combined with a multi-proxy paleoenvironmental 

investigation on sediment cores extracted from the salt marsh, the mobile seafloor of the central 

Irish Sea and the river catchment area. These analyses provided a first evolutionary perspective 

on the Ribble Estuary preceding any management interventions. The paleoenvironmental 

analyses were then compared to simulations conducted using the hydrodynamic model Delft3D 

to investigate the effects of embankment construction on estuarine hydrodynamics and 
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morphodynamics of the salt marsh over the period constrained by the OSL. The numerical 

simulations showed that embankments were responsible for an overall intensification of the 

ebb currents in the system which promoted sediment export. The paleoenvironmental analyses 

showed that the marsh has been accreting at a rate of 4.61 to 0.86 cm yr-1 over the last ca. 190 

years and that the high sedimentation rate was caused by a naturally high rate of sediment 

supply. The model-data integration showed that the effects of the embankment construction on 

sediment transport did not compromise the long-term resilience of the salt marsh because of 

the high rates of sediment supply and the river dredging which enhanced the flood dominance 

of the tide near the tidal flat. 

3.3 Introduction 

Salt marshes are ecosystems of high environmental and economic value that provide a variety 

of services, including nutrient removal, habitat provision and high rates of carbon sequestration 

at geological time scales (Zedler and Kercher, 2005; Barbier et al., 2011). As a result of their 

ability to buffer storm waves, they also provide coastal protection against flooding (e.g., Möller 

et al. 1999; Leonardi et al., 2018), which led to a worldwide effort to create new salt marshes 

and/or restore salt marshes that were previously reclaimed for anthropogenic activities to 

provide long-term and low-cost coastal protection (Temmerman et al., 2013). 

Salt marshes form when tidal flats increase in elevation with respect to sea-level, through the 

delivery of fine sediment from rivers and the sea to estuarine accommodation space, which 

creates newly exposed surfaces that become colonised by vegetation (Reed, 1990). The 

resilience of salt marshes to sea-level rise is thought to be dependent upon sediment availability 

and rate of sediment supply to the estuarine accommodation space (FitzGerald et al., 2008; 

Kirwan et al., 2010, 2016; Ganju et al., 2017) and the effects of anthropogenic interventions 



 

30 
 

for shoreline management on the hydrodynamic and morphodynamic feedbacks of the system 

(Pontee, 2014; Lee et al., 2017; Palmer et al., 2019; Li et al., 2020). 

Salt marshes are generally resilient to sea-level rise when sediment supply and organogenic 

production are high enough to allow marsh accretion (Kirwan et al., 2010) or when salt marshes 

can migrate inland (Kirwan et al., 2016). Increasing suspended sediment concentrations 

promotes the long-term resilience of salt marshes by enhancing both vertical accretion 

(Temmermann et al., 2004) and lateral expansion (Willemsen et al., 2021). Willemsen et al. 

(2021) observed that, during mild weather, salt marshes that would experience retreat due to 

exposure to higher wave energy (between 0.10 m and 0.15 m), are able to switch from a 

retreating to an expansional behaviour with an increase in sediment supply. However, the 

accumulation of such sediments on salt marsh surfaces depends on the age of the marsh, with 

young low marsh surfaces trapping sediments at a high rate until they reach an equilibrium 

level with mean high water, whereas high old marsh surfaces accrete at a slower rate 

comparable to the rate of sea-level rise (Temmermann et al., 2004). The minimum amount of 

suspended sediment concentrations to allow marsh survival under current rate of sea-level rise 

has been estimated to be ∼20 mg/L (Kirwan et al., 2010). Increasing rates of sea-level rise can 

compromise the stability of estuaries and salt marshes by causing marsh drowning and lateral 

retreat, as new accommodation space is created and, as a result, the amount of sediment inputs 

required to preserve marsh stability increases (FitzGerald et al., 2008; Kirwan et al., 2010, 

2016; Ganju et al., 2017). 

Coastal management can significantly influence the accretion and expansion of salt marshes. 

Several studies around the world found that the presence of embankments alters the way sea-

level rise affects the tidal signal by changing the resonance properties of the coastline (e.g., 

Pelling et al., 2013; Holleman and Stacey, 2014; Carless et al., 2016). These changes in the 
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tidal signal affect sediment transport dynamics in estuaries and, consequently, sediment supply 

to coastal marshes (Guo et al., 2016; Palazzoli et al., 2020). It has also been observed that the 

construction of embankments can channelise sediments towards the estuarine accommodation 

space, inducing siltation of intertidal areas (Pontee, 2014; Lee et al., 2017). 

Salt marshes in the Ribble Estuary, North-West England, have an extremely important 

environmental and economic value, as they are one of Europe’s largest salt marsh systems 

(~2,302 ha) and have been restored through managed realignment to provide flood protection 

(Tovey et al., 2009). Previous investigations undertaken in the estuary using bathymetric charts 

suggested that a very rapid accretion characterised the system in the 19th century, triggered by 

embankment construction started in 1810 AD, whereas a more natural accretion characterised 

the estuary in the 20th century following a stabilization of the system (van der Wal et al., 2002). 

Van der Wal et al. (2002) suggested that the construction of embankments caused an infilling 

of the estuary and accelerated the natural rate of accretion, concluding that anthropogenic 

interventions have outstripped those of changes in natural forcing on the morphological 

development in the area. There is no evidence of the direct effect of embankments on the 

hydrodynamics and morphodynamics of the system and there is no bathymetric data available 

for the period that precedes 1847, therefore no shift from a slower natural to a faster unusual 

accretion has been detected in the system through field data in the available literature (van der 

Wal et al., 2002). The sediment supply to the Ribble Estuary is thought to be predominantly 

marine (Lyons, 1997). The central Irish Sea is characterised by waves of mobile sediments that 

move up to 70 m per year (Van Landeghem et al., 2012). This high amount of mobile sediment 

has been linked to the legacy of sediments discharged through the melting and retreat of the 

Irish Sea Glacier (Van Landeghem and Chiverrell, 2020; Scourse et al., 2021) and Wright et 

al. (1971) suggested that these sediments are the major source of sediment supply to the Ribble 

estuary. Therefore, considering the great availability of sediment that can potentially reach the 
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estuary, the infilling of the estuary and rapid accretion of the system might have alternatively 

been natural and been caused by a surplus of sediments available that infilled the estuary until 

the system reached equilibrium. 

Despite numerous insightful studies on the subject, there are still many uncertainties over the 

effects of embankment construction on long-term salt marsh accretion with respect to natural 

sediment availability. This study uses the Ribble Estuary as a case study and an integrated 

approach of paleoenvironmental reconstruction and hydrodynamic modelling to investigate the 

effects that embankment construction undergoing in the estuary since 1810 AD had on the 

long-term accretion of Hesketh Out Marsh with respect to the high rates of natural sediment 

supply. It specifically assesses how the embankments have affected the long-term sediment 

delivery to and accumulation on the salt marsh platform and whether they caused any changes 

in the long-term marsh accretion rate since the beginning of the formation of the tidal flat. The 

Ribble Estuary has been chosen as a test case because of the establishment of extensive tidal 

flats and marsh areas since the 19th century, high quantity of natural sediment availability and 

existing embankments. Hesketh Out Marsh has been chosen as a sampling site due to the 

environmental and economic importance of this site, as it has been managed realigned, after 

being reclaimed in 1980 AD, to provide more resilience to the coast against flooding (Tovey 

et al., 2009), making it essential to understand the factors that can influence the resilience of 

this site in the long term. 

Sediment cores from Hesketh Out Marsh, located in the centre of the estuary, were recovered 

and analysed spanning the evolution from sand-flat to salt marsh, with time scales and accretion 

rates secured by optically stimulated luminescence dating (OSL). Sediment geochemistry (X-

Ray fluorescence) was analysed for the marsh cores, for samples collected from the Ribble 

catchment and for cores extracted from the adjacent seafloor of the Irish Sea to test a hypothesis 
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that the sand-flat/marsh materials are predominantly Irish Sea in provenance. Changes in 

sediment accretion rates alongside down-core changes in particle size distribution, 

geochemistry and organic content were used to detect changes or shifts in sedimentation 

processes and depositional environment. A record of estuary management was then used to 

determine whether any change in accretion and sedimentation processes might be 

chronologically linked to the beginning of embankment construction. The hydrodynamic 

model Delft3D was employed to simulate sediment accumulation within the tidal flat-salt 

marsh system in scenarios that include i) the existing embankments and ii) zero anthropogenic 

disturbance, to investigate the hydrodynamic and morphodynamic feedbacks that might cause 

changes in sedimentation when embankments are present, and further understand whether the 

presence of embankments might be responsible for a significant change in sedimentation. The 

evolutionary profile of the marsh was then compared to the rate of accretion, revealing whether 

any change in accretion rate can be connected to the natural evolution and stabilisation of the 

system and related changes in the mode of sediment supply. 

3.4 Study site 

The Ribble Estuary is located on the Lancashire coast of North-West England (Figure 12 a). 

The estuary is funnel-shaped, tidally dominated and macro-tidal (Wakefield et al., 2011). 

Owing to the waves generated in the Irish Sea basin, the estuary experiences moderate wave 

energy (Pye and Neal, 1994). Lyons (1997) suggested that sediments are introduced into the 

estuary mostly by tidal pumping, especially during high storm surges. The formation of the 

extensive intertidal sand-silt flats and salt marshes lying along the riverbanks (Figure 12 b) is 

thought to have resulted from the combination of infilling of sandy sediments from the bed of 

the Irish Sea and deposition of the silt and clay-sized sediments coming from the River Ribble, 

with the sea influencing the sediment supply to the estuary in a much more significant quantity 
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than the river (van der Wal et al., 2002). The accretion of the intertidal flat and salt marsh 

platform might have been further aided by the moderate wave climate characterising the estuary 

insufficient to cause significant lateral erosion (van der Wal et al., 2002). Glacial Isostatic 

Adjustment models show a long-term decrease in relative sea-level in North-West England for 

the past 2000 years (Tooley, 1974; Shennan et al., 2018), but historical tidal gauge records 

show that this was followed by an average increase in mean sea-level of 2 mm yr-1 since the 

beginning of the measurements in 1858 AD (Woodworth et al., 1999; PSMSL, 2019). Plater et 

al. (1993) also suggested that a secular rise in sea-level characterised the area, increasing the 

accommodation space. In 1810 AD, land reclamation of the estuary begun, and embankments 

were built along the northern bank of the estuary first, from Lytham to Preston, and along the 

southern bank later, north of Southport (van der Wal et al., 2002; Parsons et al., 2013a). 

Between 1847 AD and 1910 AD the channel began to be dredged as the inner estuary was 

experiencing an infilling (van der Wal et al., 2002; Parsons et al., 2013a). Hesketh Marsh and 

Hesketh New Marsh were reclaimed respectively in 1859 AD and 1883 AD for agricultural 

purposes (Figure 12 c, d, e, f), while Hesketh Out Marsh was only reclaimed in 1980 AD 

(Figure 12 g), but a managed realignment project that restored Hesketh Out Marsh was 

conducted between 2007 AD and 2017 AD (Figure 12 h; Tovey et al., 2009). 
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Figure 12. Location of the Ribble Estuary (a); reconstruction of Hesketh Out Marsh evolution 

through historic and aerial maps: in 1840 AD (b) Hesketh Out Marsh area was occupied by a 

sandflat, between 1890 AD (c) and 1910 AD (d) the sandflat was replaced by a silt flat, in 1950 

AD (e) a mudflat was the dominant environment, in 1970 AD (f) a fully formed marsh was 

visible, in 2005 Hesketh Out Marsh was still reclaimed for agricultural purposes (g), in 2021 

the managed realignment scheme was already completed (© Landmark Information Group Ltd 

and Crown Copyright, 2017; © Google Earth Pro, 2022). 
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3.5 Methods 

3.5.1 Paleoenvironmental reconstruction 

To perform the analysis for paleoenvironmental reconstruction, Hesketh Out Marsh was cored 

using a percussion corer with a gauge 1 m long and 7.5 cm in diameter. Two cores 3.20 m long 

(HOM19-1 and HOM19-2) were extracted from the middle marsh (Figure 13 h). The middle 

marsh was chosen as a sampling location because it is characterised by an accumulation rate 

slow enough to provide a record which more likely extends before embankment construction 

and is less likely characterised by sediment loss due to wave erosion compared to records that 

can be recovered by the lower marsh area (Berry and Plater, 1998). Furthermore, it was not 

enclosed by embankments before 1980 AD (Tovey et al., 2009), therefore it can provide a 

record of accretion extending more towards present day compared to the higher marsh (Hesketh 

New Marsh), which was enclosed in 1883 AD. HOM19-1 was cored in the sunlight and used 

for geochemical, particle size distribution and near-infra red analysis. HOM19-2 was cored 

using black sleeves to protect the sediments from sunlight exposure and was used for optically 

stimulated luminescence analysis. Stratigraphic analysis was performed on both cores to 

ascertain that they contain similar stratigraphic patterns and that the OSL chronology 

developed for the sediment profile can provide temporal context to the measurements of 

changing sediment composition (Figure 13 i). 

3.5.1.1 Sediment provenance 

Geochemistry is widely used as a proxy to reconstruct the provenance of marshland sediments 

(i.e. marine or riverine). For instance, it was employed by Plater et al. (2000) in the attempt to 

reconstruct sediment provenance in the Tees estuary, North-West England and by Hazermoshar 

et al. (2016) to characterize surficial sediments in Eynak Marsh, North of Iran. To investigate 

the provenance of the marsh sediments, the geochemistry of the salt marsh sediment was 
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compared to that obtained for samples in the likely sediment source areas in the Ribble 

catchment and the eastern Irish Sea (Liverpool Bay – Sefton Coast). The HOM19-1 core was 

subsampled into a total of 320 samples at 10 mm continuous intervals. To characterise the river 

sediments, a set of 15 samples from five different locations (three per location) were collected 

from the surface sediments of the Ribble catchment; the locations included the lower (Figure 

13 g), middle (Figure 13 g) and upper Ribble (Figure 13 d), and the Hodder (Figure 13 e) and 

the Calder (Figure 13 f) tributaries. Marine sediments are transported from the Irish basin into 

the estuary from south-west and, to a minor extent, from the southern sand dunes through 

erosion (Parsons et al., 2013a). Characterising this onshore delivery of sediments to the estuary, 

samples were taken from coastal aeolian dunes near Southport (n = 3) and the upper 1 m of 

seafloor sediment ~ 20 km offshore in 28-30 m water depths (Figure 13 b, c). The seafloor 

samples came from 6 m (max length) vibrocores collected at 2 km spacing across the Irish Sea 

by a Fugro Geotechnical team during survey cruises for installing the Western High Voltage – 

Direct Link (HVDL) marine cable (see Pearce et al., 2011). The top 1 m was targeted and 

subsampled at 0.1 m intervals progressing down three vibrocores (n = 30), with these depths 

from the more mobile surface sediments of the eastern Irish Sea. 

Geochemical data were measured by X-Ray fluorescence (XRF) using a XEPOS 3 Energy-

dispersive XRF for all the samples from the Hesketh Out Marsh core - divided into upper core 

(0-100 cm) and basal core (101-320cm) - and probable source area materials from the Irish 

Sea, Southport sand dunes and Ribble catchment. All samples were lightly hand ground, 

pressed and then measured under a He atmosphere under combined Pd and Co excitation 

radiation and using a high resolution, low spectral interference silicon drift detector. The 

XEPOS 3 undergoes daily standardisation procedure and has accuracies verified routinely 

using 18 certified reference materials (Boyle et al., 2015). Light elements were corrected for 

organic content, using loss-on-ignition (LOI) values measured by heating the samples at 105°C 
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overnight to evaporate all moisture content and then igniting them in a furnace at 450°C for 

4.5 hours to combust all organic matter (Boyle, 2000). Principal component analysis was 

performed using PAST3 (Hammer, 2019) to explore the geochemical compositions of the 

samples and to assess any association between the salt marsh materials and the offshore and 

fluvially-sourced sediments. The parameters selected for this PCA were: group 1 formed by 

silicates indicators (Si (mg/g)); group 2 formed by salt water (Na (mg/g), S (mg/g)) and shell 

content indicators (Ca (mg/g), Sr (µg/g)); group 3 formed by organic content indicators (LOI 

(%)), silt/clay mineral indicators (K (mg/g), Al (mg/g), Fe (mg/g), Ti (µg/g), Rb (µg/g), Zr 

(µg/g), Mn (µg/g), Nb (µg/g),), pollutants (Mg (mg/g), P (mg/g), As (µg/g), Pb (µg/g), Zn 

(µg/g), Ni (µg/g), Cu (µg/g), V (µg/g), Cr (µg/g), Ga (µg/g), Ge (µg/g), Br (µg/g), Ba (µg/g), 

I (µg/g)) and the rare elements (Y (µg/g), La (µg/g), Ce (µg/g)). The division in groups was 

based on the association between parameters performed by the PCA (Figure 15) as well as the 

geochemical properties of the parameters (Boyle, 2000; Plater et al., 2000). 

3.5.1.2 OSL analysis of accretion rates 

To date the Hesketh Out Marsh sequence and to quantify sediment accretion rates over time, 

OSL analysis was performed on coarse quartz grains (90-150) from HOM19-2. Sampling of 

the core was designed to characterise all visible changes in core stratigraphy; a total of twelve 

samples were extracted from the core (HOM19-2-1 to HOM19-2-12, see Figure 16 for down-

core sampling profile). Quartz grains were used for the analysis because their signal resets 

rapidly in response to sunlight (Godfrey-Smith et al., 1988), thus they are likely well zeroed in 

young sediments (Ballarini et al., 2003). The dominant bedrock geology of the area, Triassic 

desert mud-, silt- and sand-stones, would also likely contribute to provide bright quartz grains 

with good luminescence signal (Fitzsimmons, 2011). 
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To isolate the coarse quartz grains for equivalent dose measurement, all samples were treated 

with a 10% (v/v) dilution of 37% HCl to dissolve carbonates and with a 10% (v/v) dilution of 

H2O2 to remove organic content. Dry sieving was used to extract grains 90 –150 µm in dimeter 

for samples HOM19-2-2 and HOM19-2-4 and 90-125 µm for the rest of the samples. Density 

separation using sodium polytungstate was performed to isolate the fraction of grains between 

2.62-2.70 g cm-3 and remove feldspar and heavy metals grains. The quartz grains were then 

etched using 40% hydrofluoric acid to remove the outer portion of the grains contaminated by 

alpha particles and to remove any remaining feldspar grains. Another wash with a 10% dilution 

of HCl was then performed to remove soluble fluorides produced in the previous step. 

Grains were mounted as 2 mm-diameter multiple-grain aliquots on to 9.8 mm-diameter 

aluminium discs and used for analysis. Forty-eight discs were analysed for each sample except 

for HOM19-2-4, which only had enough quartz for 14 discs. No coarse quartz was recovered 

for sample HOM19-2-1. The luminescence measurements were made using an automated Risø 

TL/OSL DA-15 reader equipped with a 90Sr/90Y source (Bøtter-Jensen et al., 2003), the quartz 

grains were stimulated with a light source consisting of blue (470 nm) light emitting diodes 

(LEDs) and the luminescence signals were detected using a 5 mm thick U-340 filter and convex 

quartz lens beneath a photo-multiplier tube. The signal was recorded at 125°C for a total of 40 

s, where the OSL signal was summed for the first 0.6-1.5 s and the background was calculated 

from 33.6 to 38.5 s of the decay curve. A 1.5% instrument measurement error was incorporated 

into the curve fitting. Individual aliquots were accepted or rejected from De calculation 

according to their performance during the following screening criteria (considering the 

associated uncertainties): (1) the response to the test dose was greater than three sigma above 

the background; (2) the test dose uncertainty was <20%; (3) the recycling ratios and (4) OSL-

IR depletion ratios were within the range 0.8-1.2, and (5) recuperation was <5% of the response 

from the largest regenerative dose (7-8 Gy). 
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A pre-heat plateau test of 21 aliquots from sample HOM19-2-6 was used to determine the 

preheat temperature used for OSL analysis. The results show that both the De and recuperation 

values started increasing from 220 °C; thus a pre-heat temperature of 200 °C for 10 s and a cut-

heat of 160 °C for 0 s were used for the single aliquot regenerative dose (SAR) protocol 

(Murray and Wintle, 2000). A dose-recovery test was performed on 24 aliquots from sample 

HOM19-2-6 using a 4.15 Gy dose suggested that the SAR protocol was appropriate (ratio of 

0.97 ± 0.06, and overdispersion value of 5 ± 0 %). The De distributions (Figure S1) show 

asymmetries for all samples. Thus, the minimum age model (MAM; Galbraith and Laslett, 

1993) was used for age calculation. 

Dosimetry samples were prepared using 20-80 g of bulk sediment. The samples were dried at 

room temperature, weighted, ground to homogenise the material and stored for four weeks. A 

high-resolution gamma spectrometer was used to measure the radionuclide concentrations (K, 

U and Th) for 72 hours. The final water content was estimated calculating the weighted average 

of the mean water content during the period in which samples were transitioning from surface 

to depth and the mean water content during the period in which the samples were at depth. 

Both contents were estimated by calculating the weighted average of the water content during 

the period in which the samples were saturated (below mean water level) and the water content 

during the period in which the samples were at field water content (above mean water level). 

Following the model provided by Roberts and Plater (2005), for the period in which samples 

were transitioning from surface to depth, it was estimated that they were saturated 75% of the 

time, and for the period in which they were at depth, it was estimated that they were saturated 

90% of the time. The saturated water content was estimated as 45%, while the field water 

content was measured by weighting the samples before and after drying them at room 

temperature. Cosmic dose was calculated using Prescott and Hutton (1994) equation that 

accounts for altitude, latitude, longitude and depth below ground level of each sample. Th, U 
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and K concentrations were converted into beta and gamma dose-rates using Guerin et al. (2011) 

conversion factors and attenuated for grain size and etching (Guerin et al., 2012). The outer 

coating of the quartz grains was removed by hydrofluoric acid etching and so alpha dose-rates 

were negligible. The sum of the three beta dose rates and the three gamma dose rates was then 

calculated and corrected for water content and combined with the cosmic dose to determine the 

total dose-rate (Table S1). Dose-rates were calculated using the Dose Rate Age Calculator 

(DRAC; Durcan et al. 2011). Th:U was calculated to check whether it was in equilibrium 

(3<Th:U<4) or in disequilibrium due to the presence of saltwater (Aitken, 1985). The age of 

each sample was calculated by dividing the De by the dose rate and presented with total 

uncertainties (± 1 sigma); the present age used is 2019 (Table S2). 

All OSL ages were then modelled using the Bayesian package ‘OxCal’ - version 4.4, which 

constructs age–depth sequences by integrating the IntCal20 calibration curve with statistical 

models (Bronk Ramsey, 1995, 2009; Reimer et al., 2020). The OSL ages were entered in the 

model as a P-sequence, in which sediment deposition is modelled as a Poisson (random) 

process, and where a parameter (k) determines the extent to which sedimentation rates are 

allowed to vary. A uniformly distributed prior was used for k such that k0=1, and log10(k∕k0) 

U(−2, 2); this allows k to vary between 0.01 and 100. The final probability distributions with 

ranges incorporating 68.2%, 95.4% and 99.7% of the total area of the distributions with the 

highest probability density were modelled using a Markov Chain Monte Carlo (MCMC) 

sampling routine. Outliers were handled as a student-T distribution using a general outlier 

model. A boundary was inserted at 120 cm, where the core exhibits a neat stratigraphic change 

and stops being sand dominated (Figure 13 i). The final accretion profile uses the probability 

weighted mean age and 95.4% uncertainties from the Bayesian age-depth model. 
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3.5.1.3 Particle size distribution analysis 

Particle size distributions (PSDs) can be used to infer whether sediment deposition is driven 

by accretion or infilling. According to the particle size distribution model developed by 

Rahman and Plater (2014), fine-skewed to near-symmetrical distributions characterised by 

well-sorted sand-sized sediment, typical of traction load delivered by the faster tidal flow 

velocities (i.e. during flood phase), are attributable to infilling; near-symmetrical distributions 

characterised by fine to very fine, poorly sorted silts, typical of the suspension load that settles 

during the turn of the tide (i.e. during ebb phase), is attributable to gradual accretion. PSDs 

were measured for HOM19-1 at 10 mm intervals using a Coulter LS 13 320 Single-Wavelength 

Laser Diffraction Particle Size Analyser that determines the dimensions of individual particles 

0.375-2000 μm. Subsamples were digested in 6% concentrated H2O2 (50 ml of H2O2 per 10 ml 

of sample) to remove any organic component, with the samples then dispersed and sonicated 

in Na6O18P6 and analysed under sonicating measurement conditions. The resulting PSDs are 

the average of three repeats after elimination of outliers. The Coulter LS 13 320 undergoes 

regular calibration checks using samples with known size distributions. End-member 

modelling analysis (EMMA) was conducted using the EMMAgeo R package to statistically 

derive the most recurrent modes that explain the variance in the PSDs down-core profile 

(Dietze et al., 2012). End-member modelling analysis has been successfully applied to 

sediment deposits in salt marsh settings by Clarke et al. (2014). Clarke et al. (2014) identified 

six main modal peaks occurring in consistent particle size ranges that account for more than 

98.5% of the explained cumulative variance in PSDs, which agree with the six fixed particle 

size windows identified by Clarke et al. (2013) through the estimate of the particle size ranges 

deposited through settling, saltation and traction processes. Hence, the maximum number of 

end-members that the model could detect in the down-core PSD profile was set as seven. 

Particle size categories with several zero values were combined to enable end-member analysis 
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of the entire data set. A robustness test was performed to check on each end-member (Figure 

S2 a). The model showed that 86% of the variance in the PSDs present in the HOM19-1 core 

could be explained by four PSD end-members (Figure S2 b). The loading of the end-members 

explaining most of the variance was plotted to observe what depositional processes (i.e., 

infilling or accretion) could be correlated with the PSDs in the core. The down-core profile of 

the end-members scores were then plotted to observe changes in distribution along the core 

and attribute whether possible changes in accretion over time detected by the OSL in HOM19-

2 were attributable to infilling or gradual accretion. 

3.5.1.4 Evolution of Hesketh Out Marsh 

3.5.1.4.1 Particle size distributions 

Plater et al. (2007) interpretation of grain size properties of sandflat, mudflat and salt marsh 

sediments was then used to reveal whether any change in accretion rate can be connected to 

changes in the mode of sediment supply connected with the natural evolution and stabilisation 

of the system. Salt marsh environments are characterised by very slow currents and sediments 

are fine, poorly sorted, near-symmetrical distributed and platykurtic. Mudflat sediments are 

deposited with low energy conditions and characterised by fine, very poorly sorted, positively 

skewed to symmetrical distributed, meso- to platykurtic sediments. Sand flats sediments are 

deposited by high energy currents and are instead characterised by coarse, well-sorted to 

moderately sorted, positively skewed to symmetrical distributed, meso- to leptokurtic 

sediments. GRADISTAT 8.0v (Blott and Pye, 2001) was used for the statistical analysis of the 

PSDs measured for each sample of HOM19-1 to calculate D50, D90, standard deviation, 

skewness and kurtosis (geometric results). 
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3.5.1.4.2 X-Ray fluorescence analysis 

To provide a more robust paleoenvironmental reconstruction, PSD statistical analysis was 

integrated with geochemical proxies. The geochemical composition of sediments is thought to 

be directly correlated with changes in stratigraphy and has been used in various case studies 

for the investigation of environmental transitions in marshland settings. Plater et al. (2007) 

used changes in the geochemical composition of the sediments as a proxy for stratigraphical 

changes to reconstruct the evolution of Romney Marsh/Dungeness Foreland depositional 

complex. Kolditz et al. (2012) implemented the same approach to study the environmental 

transitions in a marshland setting during sea-level rise in North-West Germany, and 

Hazermoshar et al. (2016) used it in a multi-proxy study that aimed to characterize surficial 

sediments in Eynak Marsh in North of Iran. The X-Ray Fluorescence (XRF) measurements for 

all HOM19-1 samples were used to produce the profiles of the following geochemical proxies: 

Si/K (silicates normalised towards mineral matter as sand indicator), Ca/K (calcium normalised 

towards mineral matter as shell content indicator), Fe/Mn (redox indicator), Rb (silt/clay 

mineral indicator); LOI was added to the list of geochemical proxies as organic content 

indicator (Plater et al., 2007). 

3.5.1.4.3 Near-infra red spectra analysis 

 The XRF analysis was supplemented by near-infrared (NIR) spectra derived sediment 

composition. NIR spectra were measured by diffuse reflectance for all HOM19-1 samples 

using an integrating sphere on a Bruker MPA Fourier-Transform NIRS, with NIR spectra based 

on combining 24 scans collected at 8 cm-1 intervals across the range 3595-12500 cm-1 (Russell 

et al., 2019). NIR spectra were converted to 1st derivatives, calculated using a centrally 

weighted Savitzky-Golay smoothing algorithm minimising spectral noise (Russell et al., 2019). 

The NIR spectra were interrogated using multiple regression of known end-member spectra 
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onto the spectra derived for the unknown sediment samples (Russell et al. 2019). NIR spectra 

for the unknown samples are a conservative mixture of the spectra of component materials, and 

by using appropriate end-member spectra the multiple regression process can unmix the 

proportions of the components (Russell et al. 2019). The multiple regression analysis was 

undertaken in R using the (LM) function in R (R Core Team, 2013), using mineral matter 

(powdered quartz SiO2), CaCO3 shell material and organic matter (International Humic 

Substances Society (IHSS) humic/fulvic acid standards); the output concentrations for these 

components are reported as weight percent (Figure S3). 

3.5.1.4.4 Cluster analysis 

A classical hierarchical clustering routine was run on all the components of the PSD, XRF and 

NIRS analysis using PAST3 (Hammer, 2019) to produce a dendrogram showing how data 

points can be clustered and statistically identify any change in the depth-profile. The 

unweighted pair-group average (UPGMA) algorithm, which joins clusters based on the average 

distance between all members in the groups, with a stratigraphic constraint, was applied with 

a Euclidean similarity index. 
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Figure 13. Location of the Ribble Estuary (a); low resolution map showing location of the 

cores collected from the Irish Sea (blue triangles - VC152, VC153, VC154), the samples 

collected from the Southport sand dunes (blue triangle - SOUTH), the samples collected from 

the Ribble catchment (orange triangles - UR, HOD, CAL, MR, LR) and the cores collected 

from Hesketh Out Marsh (red triangle - HOM) (b); high resolution maps showing location of 

the sampling along the Southport sand dunes (SOUTH) (c), upper Ribble (UR) (d), Hodder 

(HOD) (e), Calder (CAL) (f), middle (MR) and lower (LR) Ribble (g), and coring at Hesketh 

Out Marsh (HOM19-1 and HOM19-2) (h); stratigraphic analysis of HOM19-1 and HOM19-2 

(i) (© Google Earth Pro, 2022). 
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3.5.2 Numerical modelling 

To investigate the accretion and evolution of the marsh in scenarios with no anthropogenic 

disturbance and with the addition of embankments, the FLOW module of the numerical finite-

difference model Delft3D was used to simulate the hydrodynamics and sediment transport of 

the system. The model calculates non-steady flow and transport phenomena using Navier-

Stokes and transport equations (Deltares, 2019a). The model set-up for this study accounts for 

suspended-load, evaluated through the advection-diffusion equation, of multiple cohesive 

sediment fractions; erosion and deposition for cohesive sediments are computed using the 

Partheniades–Krone formulations (Partheniades, 1965). It also accounts for vertical diffusion 

of sediments due to turbulent mixing and sediment settling due to gravity. 

The original design of the domain and the set-up and calibration of the model for this study 

were performed by Li et al. (2018, 2019). The domain consists of a grid of 344 x 80 cells in 

the east to west and north to south direction (Figure 14 a), and three equally spaced vertical 

layers. The cell size is approximately 20x20 m within the river, 70x70 m across the intertidal 

area (including the marsh platform) and 300x300 m in the outer estuary. Simulations with and 

without embankments presence were conducted using bathymetries from 1847 AD and 2008 

AD (Table 1; van der Wal et al., 2002; Parsons et al., 2013a). The 1847 AD bathymetry is the 

oldest with data availability within the timeframe of the dates produced by the OSL analysis 

(Table S2) and it offers the opportunity to simulate the presence of an accommodation space 

before the formation of the intertidal flat and before the beginning of the channel dredging 

(Figure 14 b). The 2008 AD bathymetry was used to simulate an established intertidal flat and 

salt marsh platform and completed channel dredging (Figure 14 c). Between 1847 AD and 

1910 AD the channel began to be dredged as the inner estuary was experiencing an infilling, 

with dredge spoils disposed off the mouth of the estuary until 1905 and offshore after then, and 

the depth of the channel increased approximately by 1 m when it was at its deepest (van der 
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Wal et al., 2002; Parsons et al., 2013a). It has been observed that channel dredging can modify 

tidal asymmetry (Zhu et al., 2015; Van Maren et al., 2015). To understand how channel 

dredging interfered with the effects of embankment construction on the sediment transport, a 

simulation was run using the 1847 AD bathymetry with a channel depth increased by 1 m 

(Figure 14 d); this allowed to investigate the sole effect of channel dredging without 

considering the morphological evolution of the intertidal flat and the construction of further 

embankments that occurred during the period of the historical dredging. The bathymetric data 

for 1847 AD was obtained by digitising the maps provided by van der Wal et al. (2002) with 

reference Above Ordnance Datum Newlyn (AODN). Since the data provided by van der Wal 

et al. (2002) covered a restricted area of the domain (53.59° N to 53.89° N, -3.13° E to -2.83° 

E), to provide a domain large enough to stabilize the model, this was integrated with present 

data obtained from the combination of two datasets: the bathymetry data for the open sea 

collected from EDINA DIGIMAP and the LiDAR data for the coastal regions downloaded 

from the Environment Agency’s LiDAR data archive. The elevation of the inland terrain model 

and very offshore areas is, on average, of the same order of magnitude to that presented in van 

der Wal et al. (2002). The choice of integrating the digitised bathymetry with present 

bathymetric data was based on limitations in terms of data availability for that period and the 

assumption that changes in the most offshore bathymetry and inland terrain elevation (where 

the marsh is already well formed) would affect the analyses and calculations performed on the 

salt marsh platform and within the intertidal area to a minor extent compared to the long-term 

changes of the river, inner and outer estuary bathymetry. The bathymetry influences the 

propagation of the tidal currents (e.g., Van Maren et al., 2015; Li et al., 2018; Palmer et al., 

2019), therefore this choice could cause limitations such as an overall overestimation or 

underestimation of the net sediment transport within the estuary and of the final sediment 

budget of the salt marsh. The bathymetric data for 2008 AD was obtained directly by combining 
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the bathymetry data for the open sea collected from EDINA DIGIMAP and the LiDAR data 

for the coastal regions downloaded from the Environment Agency’s LiDAR data archive. Since 

the two datasets have different vertical reference levels, Low Astronomical Tide (LAT) and 

Above Ordnance Datum Newlyn (AODN) respectively, they were adjusted and referred to 

Mean Sea Level (MSL) following the spatially varying Vertical Offshore Reference Frame 

(VORF) corrections provided by the UK Hydrographic Office prior to combining. The model 

is constrained within two open boundaries, one 20 km offshore and one across the River Ribble. 

The model was successfully calibrated by Li et al. (2018, 2019) using the 2008 AD bathymetry 

and 2008 AD time-series for both river discharge and offshore water level. Data for the offshore 

boundary was provided by the Extended Area Continental Shelf Model fine grid (CS3X), 

which has approximately 12 km resolution, covers an area from 53.55° N to 53.92° N and from 

-3.33° E to -2.75° E. Data for the river boundary was collected from the National River Flow 

Archive and consists of a time series of daily-averaged river discharge values; a constant 

discharge of 44 m3 s-1 was estimated using the mean discharge for the simulated period. Each 

simulation was run for one year. To simulate past ocean boundary conditions, 10 tidal 

harmonics (M2, S2, N2, K2, O1, P1, Q1, K1, M4 and S1) were derived for the Ribble Estuary 

using the global tidal model GOT-e 4.10c (Ray 1999; Zaron and Elipot, 2021). To ascertain 

that the tidal harmonics would allow for the modelling of realistic hydrodynamic for the 

simulated years, the water level at ocean boundary for the 2008 AD scenario forced with tidal 

harmonics was compared to the water level for the 2008 AD scenario forced with water level 

time-series (Figure S4). Since the river contribution to sediment delivery in the intertidal area 

is minimal (Figure 15; Lyons, 1997; van der Wal et al., 2002) and no time-series for river 

discharge are available for 1847 AD, the time-series for river discharge from 2008 AD were 

used to force the river boundary of the 1847 AD scenarios as well. The Ribble Estuary 

experiences moderate wave energy (Pye and Neal, 1994). However, for simplicity, the effects 
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of wind waves have been neglected in this study to investigate exclusively the effects of 

embankments on the sediment transport. A uniform and not erodible initial bed composition 

was applied, to avoid feedbacks between hydrodynamics and the initial bathymetry. This is 

because the focus of the study was the investigation of the redistribution of input sediments 

and deposition within the estuarine accommodation space with and without embankments, 

rather than the modelling of the morphological evolution of the estuary. The initial suspended 

sediment input and the sediment input at river and ocean boundaries were simulated using 

cohesive erodible sediments. The suspended sediment input at the river boundary was 

calculated as an average for the year 2008 in proportion to the river discharge, using the Wright-

Parker formulation (without stratification) for the suspended load, which estimated a mean 

value of 0.002 kg m-3. The input at the ocean boundary for the suspended load and the initial 

suspended sediment concentration in the domain were given using the value measured by Silva 

et al. (2016) in 2011 (0.001 kg m-3). To simulate the presence of embankments, thin dams were 

imposed, and the position of the dams was chosen based on the position of the embankments 

at the time of each bathymetric survey (Table 1; van der Wal et al., 2002; Parsons et al., 2013a). 

To quantify the contribution of embankment construction on the accretion of the tidal flat-salt 

marsh, the sediment budget of Hesketh Out Marsh platform was calculated at the end of the 

simulated year for each scenario by multiplying the cumulative deposition of each cell for the 

cell area and summing them (Ganju et al., 2015). Tidal asymmetry has been recognised as one 

of the main factors controlling the net import/export of sediments and the large-scale 

morphological evolution of estuaries (Guo et al., 2016; Palazzoli et al., 2020; Donatelli et al., 

2018) and there is evidence that the presence of embankments alters the way sea-level rise 

affects the resonance properties of the coastline, modifying the tidal signal and changing the 

sediment supply to coastal marshes (e.g., Pelling et al., 2013; Holleman and Stacey, 2014; 

Carless et al., 2016). To investigate the effect of embankment construction on the tidal signal, 
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Fourier analysis was conducted for each scenario for an entire monthly tidal cycle. The 

MATLAB package T-TIDE was used to conduct the analysis (Pawlowicz et al., 2002). The 

distortion and asymmetry of the tidal signal were analysed using the principal lunar semi-

diurnal constituent M2 and the largest shallow water constituent M4; the distortion was 

calculated using the ratio A4-2=AM4/AM2 where A is the amplitude of the tidal height and the 

asymmetry was calculated using Δθ=2θM2-θM4 where θ is the phase of the tidal height 

(Friedrichs and Aubrey, 1988; Blanton et al., 2002). When Δθ is between 0° and 180° the flood 

phase dominates, whereas when it is between 180° and 360° the ebb phase dominates; the 

magnitude of A4-2 is representative of the significance of the dominance (Friedrichs and 

Aubrey, 1988). The harmonic analysis was not performed on dry cells and on salt marsh or 

tidal flat cells intermittently covered by water. 
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Table 1. List of simulated scenarios indicating name and description of the simulations. 

Records of channel dredging and embankment construction are provided by van der Wal et al. 

(2002) and Parsons et al. (2013a). 

Simulation name Simulation description 

1847 AD 

● Oldest bathymetry available 

● Accommodation space preceding the formation of the 

intertidal flat and the beginning of the channel dredging 

● Embankment scenario includes embankments built between 

1810 AD and 1847 AD 

2008 AD 

● Present day bathymetry 

● Established intertidal flat and salt marsh platform and 

completed channel dredging 

● Embankment scenario includes only embankments left after 

2017 AD 

1847 AD 

(simulated dredging) 

● 1847 bathymetry modified to simulate channel dredging 

● Channel depth increased by 1 m to simulate dredging 

● Embankment scenario includes embankments built between 

1810 AD and 1847 AD 
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Figure 14. Grid (a) and bathymetries from 1847 (b), 2008 (c) and 1847 with simulated 

dredging (d), used for the model set-up. The continuous brown lines represent the land 

boundary. The dashed brown lines enclose the area of the domain used for the sediment budget 

calculation of Hesketh Out Marsh (i.e., the salt marsh platform). The dashed red lines indicate 

the position of the embankments at the time of bathymetric survey. 
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3.6 Results 

3.6.1 Marsh evolution and sediment provenance  

Figure 15 shows the first two components of the PCA performed on the XRF measurements of 

the sediments taken from Hesketh Out Marsh, the Irish Sea floor, Southport sand dunes and 

the Ribble catchment. Component 1 and component 2 summarise 72.5% of the variance in the 

data, respectively 63.8% and 8.7%. Figure 15 also shows how the parameters are used by each 

component to separate the samples. Component 1 separates samples rich in salt water (Na and 

S), shells (Ca and Sr) and silicates (Si) from those rich in silt/clay mineral indicators (e.g., Zr, 

Ti, Rb, K, Al) and pollutants (e.g., As, Pb, Zn). Component 2 separates samples rich in silicates 

(Si) with and without shelly materials (Ca and Sr). The samples from Hesketh Out Marsh basal 

core overlap with the samples from the Irish Sea cores and one sample from the Southport sand 

dunes. Hesketh Out Marsh upper core is characterised by samples that in part cluster with the 

marine and basal core samples or form a second cluster by themselves. The samples from the 

Ribble catchment form a third cluster with two of the samples from the Southport sand dunes. 

This implies that there is a strong correlation between the geochemical composition of the Irish 

Sea floor sediments and the Hesketh Out Marsh basal core sediments, while most of the upper 

core does not show this association; conversely, the sediments collected from the Ribble 

catchment do not correlate with any of the other two clusters. This suggests that the first 200 

cm of sediment deposited on the tidal flat-salt marsh platform was predominantly supplied by 

the Irish Sea floor, with this input from the seafloor becoming less significant in the sediment 

deposition captured within the top 100 cm of the core; the river instead provides minimal 

sediment input to the intertidal flat system. 
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Figure 15. Principal component analysis between the samples collected from the Hesketh Out 

Marsh core, the samples collected from the Irish Sea cores and the Southport sand dunes, and 

the surface samples collected from the Ribble catchment. Component 1 and component 2 

summarize 72.5% of the variance in the data, respectively 63% and 8.7%. The figure shows 

the parameters used by each component to separate the samples divided into three groups and 

the clusters formed by the samples that correlate with each other. Group 1 includes silicates 

indicators, Group 2 incudes salt water and shell content indicators, and Group 3 includes 

silt/clay mineral indicators and pollutants. 

Figure 16 shows the age-depth distribution of the OSL ages modelled using Bayesian analysis 

and accretion rates calculated from the modelled ages of Hesketh Out Marsh. The ages between 

300 cm and 125 cm overlap within uncertainties between approximately 1734-1806 AD and 

1768-1849 AD, with a modelled accretion rate of 4.61 cm yr-1. Between 100 cm and 0 cm, the 

ages range between 1768-1849 AD and 1926-1986 AD and the modelled accretion rate is 0.83 

cm yr-1. 



 

56 
 

 

Figure 16. Age-depth profile of optically stimulated luminescence dating (OSL) ages modelled 

using Bayesian analysis and accretion rates calculated from the modelled ages. The change in 

colour represents the observed change in core stratigraphy. The OSL ages were entered in the 

model as a P-sequence using a k parameter which varies between 0.01 and 100. The squared 

gaps, dark grey and light grey distributions incorporate respectively 68.2%, 95.4% and 99.7% 

of the total area of the distributions with the highest probability density. Outliers were handled 

as a student-T distribution using a general outlier model. The final accretion profile uses the 

probability weighted mean age and 95.4% uncertainties from the Bayesian age-depth model. 
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The end-member analysis showed that 86% of the variance in the PSDs present in the HOM19-

1 core could be explained by four PSD end-members (EM1, EM2, EM3 and EM4). These end 

members represent the recurring modes detected in the PSDs. Figure 17 a shows that EM1 has 

a mixed near-symmetrical distribution dominantly clay to silt with a secondary very fine to fine 

sand mode, EM2 has a fine-skewed to near-symmetrical distribution dominantly very fine to 

fine sand, EM3 has a bimodal distribution with near-symmetrical clay to silt mode and near-

symmetrical to fine skewed very fine to fine sand mode, and EM4 has a fine-skewed to near-

symmetrical distribution of fine to coarse sand. Figure 17 b shows that up to 300 cm EM4 and 

EM2 contribute equally to the PSDs of the core. Between 300 cm and to 150 cm the distribution 

becomes dominated by EM2 and punctuated by layers of EM4; EM1 and EM3 only give a 

negligible contribution in this section. Between 150 cm and 100 cm EM1 and EM2 contribute 

equally to the distribution and dominate this section of the core, however a minor contribution 

is also given by EM3. From 100 cm up to the top of the core EM1 is the dominant end-member, 

contributing to 70% of the distribution, while EM3 contributed for about 30%. This suggests 

that up to 300 cm the particle size distributions were indicative of a high energy environment 

dominated by infilling of coarser sand through load traction. Between 300 cm and 150 cm the 

environment became less energetic and dominated by infilling of finer sand occasionally 

layered by infilling of coarser sand and rarely punctuated by settling of silt-sized material. 

Between 150 cm and 100 cm the distributions reveal a progressive transition from an 

environment dominated by infilling through load traction into an environment dominated by 

accretion through settling. From 100 cm up to the top of the core the environment becomes 

dominated by settling of silt-sized particles layered with occasional infilling of fine sand. 
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This suggests that the rapid accretion that occurred between 1734-1806 AD and 1768-1849 AD 

was caused by an infilling of well-sorted, sand-sized sediment into the estuary accommodation. 

The slower accretion that characterizes the period comprised between 1768-1849 AD and 

1926-1986 AD, on the other hand, was triggered by the deposition of poorly sorted silts. 

 

Figure 17. End-members loading (a) and down-core profile of end-members scores (b) for 

HOM19-1. A fine-skewed to near-symmetrical distribution is typical of traction load delivered 

by the faster tidal flow velocities (i.e., during flood phase); a near-symmetrical distribution is 

typical of the suspension load that settles during the turn of the tide (i.e., during ebb phase). 

Figure 18 shows that the core is dominated by coarse to very coarse sand up to 150 cm. From 

150 cm to 100 cm fine sand becomes dominant. At 100 cm, grains become finer, ranging 

between fine sand and coarse silt. The grains are mostly well-sorted to moderately sorted up to 

100 cm, while the top 100 cm of the core is mainly dominated by poorly to very poorly sorted 

grains. The grain size distribution is mostly positively skewed up to 150 cm, where near 

symmetrical distribution starts becoming more common up to 100 cm; from 100 cm to the top 

of the core the distribution becomes mostly near symmetrical. The core is mostly leptokurtic 

up to 150 cm. From 150 cm to 100 cm, it becomes mostly mesokurtic. From 100 cm to the top 

of the core it becomes mostly platykurtic. NIRS analysis suggests that mineral content 
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constitutes more than 90% of the material collected from Hesketh Out Marsh, while shell and 

organic content together only constitute less than 0.2%. SiO2 increases consistently up to 50 

cm, where it reaches almost 100% of the total composition, and then decreases consistently up 

to 15 cm, where it drops sharply. CaCO3 behaves in a specular way; it decreases up to 100 cm, 

where the quantity becomes negligible such that the model stops detecting it, except for a few 

short sections; it then increases again up to the top of the core; however, the latter increase is 

likely caused by the biological production of calcium carbonate by plants rather than by an 

increase in shell content. Humic/Fulvic acid is constant up to 50 cm, where it then starts 

increasing up to the top of the core. Rb stays constant up to 120 cm, where it starts decreasing 

up to the top of the core. Ca/K and Si/Al are constant up to 100 cm, where they start decreasing 

slightly up to 75 cm, and then remain constant up to the top of the core; Ca/K shows a slight 

increase towards the top which again could be due to biogenic production. Fe/Mn stays constant 

up to 140 cm, where it then starts decreasing up to 120 cm, after which it remains constant up 

to the top of the core. LOI is constant up to 100 cm, where it starts to increase up to the top of 

the core. The clustering analysis statistically shows that the core is divided into two main 

sections, one extending from the bottom of the core up to 120 cm, dominated by sand-sized, 

well-sorted grains, shelly material, and reduced conditions, and one extending from 120 cm to 

the top of the core, dominated by silt-sized, poorly sorted grains, and high mineral and organic 

content. 

Overall, Figure 18 suggests that a sandflat environment dominates the core up to 150 cm, while 

a transition from sandflat to mudflat occurs between 150 cm and 70 cm. At 70 cm a mudflat 

environment becomes dominant up to 15 cm, where the transition to a fully vegetated marsh 

occurs. The most statistically significant change in the down-core composition occurs at c.a. 

120 cm, where the sandflat is replaced by a mudflat.
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Figure 18. Depth profile of particle size distribution statistical parameters (D50, D90, sorting, skewness, kurtosis), NIRS components (SiO2, 

CaCO3, Humic/Fulvic acid), X-Ray Fluorescence parameters (Rb, Ca/K, Si/Al, Fe/Mn) and loss-on-ignition, with relative clusters analysis, for 

HOM19-1. The red line indicates the statistical division of the core into two main sections. 
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3.6.2 Modelled scenarios 

Figure 19 summarizes the results derived from the sediment budget calculations performed for 

the numerical simulations. Figure 19 a shows that the sediment budget of Hesketh Out Marsh 

for present day decreases compared to the sediment budget for the 1847 AD bathymetry; this 

is true for both scenarios (i.e., with and without embankments). It also shows that, for all 

simulated bathymetries, the sediment budget decreases when embankments are added. Figure 

19 b shows that dredging of the channel causes an increase of 0.5% in the sediment budget 

when there are no embankments present and an increase of 1.25% when embankments are 

added. 

 

Figure 19. Sediment budget calculated for Hesketh Out Marsh after one year of simulation 

with and without embankments presence for the years 1847 and 2008 (a); sediment budget 

calculated for Hesketh Out Marsh after one year of simulation with and without embankments 

presence for the year 1847 with and without dredged channel (b). The magnitude of the 

sediment budget is only influenced by the transportation and deposition of the initial suspended 

sediment input and the constant input of suspended sediment load at ocean and river boundary; 

the non-erodible bed composition allowed no sediment input generated from the erosion and 

resuspension of the sea and channel bedload. 
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Figure 20 shows the tidal analysis performed for each simulated bathymetry. The Ribble 

Estuary resulted to be overall flood dominated in all simulated years and for both scenarios 

(i.e., with and without embankments; Figure 20 a, b). In a scenario with no embankments, the 

flood dominance increases for the present bathymetry with respect to the 1847 AD bathymetry 

(Figure 20 a). When embankments are added, despite the estuary remaining flood dominated, 

there is an overall intensification of the ebb currents, particularly near the tidal flat (Figure 20 

c). For the 2008 AD bathymetry, the intensification of the ebb currents is significant also in the 

outer estuary (Figure 20 c). This explains why the sediment budget decreases when 

embankments are added, since an intensification of ebb currents causes an increase in the 

sediment export out of the system. Figure 20 (d, e) shows that the increase in ebb dominance 

follows an increase in the phase of the M2 constituent and a decrease in the phase of the M4 

constituent. With channel dredging, the flood dominance near the tidal flat is enhanced in both 

scenarios (i.e., with and without embankments; Figure 20 a, b). This explains the overall 

increase in the sediment budget caused by the channel dredging compared to the non-dredged 

bathymetry, as the enhanced flood dominance near the tidal flat promotes sediment import. 

When embankments are added, the intensification of the ebb currents near the tidal flat is lower 

compared to the non-dredged bathymetry (Figure 20 c), which explains why the increase of 

sediment budget for the dredging scenarios compared to the no-dredging scenarios is greater 

when embankments are present. 

Overall Figures 19 and 20 suggest that embankments promote sediment export and cause a 

decrease in the sediment budget of the salt marsh. 
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Figure 20. Tidal asymmetry (Δθ) for the scenarios without embankments (a) and with 

embankments (b). Where Δθ is between 0° and 180° the system is flood dominated (blue 

arrows), where Δθ is between 180° and 360° the system is ebb dominated (red arrows). Tidal 

asymmetry (Δθ) (c), M2 phase (θM2) (d) and M4 phase (θM4) (e) difference between the 

scenarios with embankments and the scenarios with no embankments. Where Δθ is positive 

there is an increase in ebb dominance (red arrows), where it is negative there is an increase 

in flood dominance (blue arrows). The continuous brown lines represent the land boundary. 
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The dashed brown lines enclose the area of the domain used for the sediment budget 

calculation of Hesketh Out Marsh (i.e., the salt marsh platform). The dashed red lines indicate 

the position of the embankments at the time of bathymetric survey. See Figure S5 in Appendix 

I for tidal distortion (A4−2), M2 amplitude (AM2) and M4 amplitude (AM4) for the same 

scenarios. 

3.7 Discussion 

3.7.1 Sediment provenance 

The principal component analysis (Figure 15) showed a correlation between the geochemistry 

of Hesketh Out Marsh sediments and the geochemistry of the Irish Sea floor sediments, 

indicating that the provenance of the marsh sediments is predominantly marine. Figures 6 and 

7 show the causes that determined the strong correlation between the Irish Sea cores and the 

lower part of Hesketh Out Marsh core, while the upper 0-1.25 m of salt marsh sediments do 

not show an association with the seabed sediments. The lower 1.25-3 m of sandflat deposits of 

the core are characterised by sediments entrained at the seafloor by flood currents and deposited 

directly in the estuarine accommodation space before a tidal flat was formed, while the upper 

part is characterised by fine suspended sediments deposited by ebb currents through tidal creeks 

when a tidal flat was already forming (Rahman and Plater, 2014). Our results agree with the 

interpretation of Lyons (1997) that sediments are delivered into the estuary mainly by tidal 

pumping. They further support previous hypotheses that abundant legacy of sediment left 

during the last glacial cycle (Scourse et al., 2021) and regularly remobilised through the central 

Irish Sea, often as sediment waves (Van Landeghem et al. 2012), has been the main source of 

sediment supply to the estuary (Wright et al., 1971). 
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3.7.2 Changes in marsh accretion 

While some studies (e.g., Madsen et al., 2005; Madsen et al., 2007a,b; Davis et al., 2010) have 

found well-bleached quartz in tidal flats and salt marsh environments, Madsen et al. (2009) 

found partially bleached quartz in three hurricane deposits made of coarse sandy particles 

rapidly deposited on Little Sippewissett Marsh. High levels of turbidity characterising the water 

table during high energy events, which are a major source of sediment supply to the Ribble 

Estuary (Lyons, 1997), might have contributed to partial bleaching by attenuating the blue end 

of the daylight spectrum (Berger, 1990; Plater and Poolton, 1992). Moreover, the tidal 

inundation of Hesketh Out Marsh is semidiurnal, therefore sediment deposition can occur either 

at daytime or night-time (UKHO, 2019). This means that some grains experience shorter 

exposure to light if not none, further contributing to partial bleaching (Mauz et al., 2010). 

However, since the sediments analysed are very young - between 67 ± 9 and 264 ± 26 years 

old - they might have also suffered incomplete resetting of prior stored charge which can lead 

to significant offsets in the equivalent dose (Murray and Olley, 2002). The asymmetry in the 

De distribution could alternatively be caused by microdosimetry. It was indeed found that, in 

sandy environments, K-feldspar can affect quartz dose rate distribution and, as a consequence, 

the De distribution skewness and dispersion of dose rate distributions increase as the number 

of potassium-rich feldspar grains is decreased relative to the number of quartz grains or if the 

quartz grain size increases, as this causes an increase in distance between the quartz grains and 

the source of potassium (Guerin et al., 2015). Nonetheless, regardless of the cause of the 

asymmetrical De distribution, accurate OSL ages can be derived using small aliquots and the 

MAM (Galbraith and Laslett, 1993). 
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The Bayesian analysis of the OSL ages shows that between 1734-1806 AD and 1768-1849 AD 

there was a very rapid accumulation of sediments (ca. 4.61 cm yr-1), followed by a slower 

accretion (ca. 0.83 cm yr-1) that persisted until 1926-1986 AD (Figure 16). The overlap of the 

OSL ages between 300 cm and 125 cm was likely to be due the resolution of the technique that 

is not able to differentiate individual ages in such fast deposition. However, the timeframe of 

the environmental reconstruction of the historical maps confirms the accuracy of the age 

intervals at a decadal scale. Indeed, according to the reconstruction of marsh evolution (Figure 

18), the first period of fast accretion determined the formation of the sand flat substrate until 

1768-1849 AD, when the rate of accretion decreased, and the sandflat progressed into a 

mudflat. Accordingly, the historical reconstruction shows that in 1840 AD Hesketh Out Marsh 

area was occupied by a sandflat (Figure 12 b), while between 1890 AD and 1950 AD a mudflat 

was the dominant environment (Figure 12 c, d, e). The new OSL ages here extend this 

understanding by providing the first record of sediment dating and the longest record of 

accretion rates for the Ribble Estuary (Mamas et al., 1995) that then allow us to compare with 

hydrodynamical modelling to understand the processes involved in salt marsh accretion. The 

numerical simulations show that the sediment budget of Hesketh Out Marsh decreases towards 

present day (Figure 19 a); this is true for both scenarios (i.e., with and without embankments). 

There is an agreement between the trends observed for the sediment budget of the 1847 AD 

and 2008 AD scenarios and the trends detected in the long-term accretion profile provided by 

the luminescence ages. The results of the two techniques are therefore comparable. 

Historical records of the estuary show that in 1810 AD embankment construction started along 

the northern bank of the Ribble Estuary. Between 1810 AD and 1850 AD the whole northern 

bank, from Lytham to Preston, and part of the southern bank, north of Southport, was 

embanked, with the exception of the coastline surrounding Hesketh Out Marsh area (van der 

Wal et al., 2002). The period where the majority of embankment construction occurred (1810-
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1850 AD) falls within the age intervals given by the OSL ages for the period of the fast sand 

flat accretion (from 1734-1806 AD to 1768-1849 AD). However, the OSL age intervals suggest 

that there is a possibility that the rapid sedimentation might have started before the beginning 

of the 19th century. Moreover, no shift was detected from a slower to a faster accretion rate in 

the lower part of the core, therefore there is no direct evidence that the embankment 

construction might have triggered the infilling that caused the rapid sedimentation. 

3.7.3 Effects of embankments on marsh sediment budget 

The calculation of the sediment budget for all the simulated bathymetries revealed that the final 

sediment budget for Hesketh Out Marsh is greater when no embankments are present (Figure 

19 a). The quantity of sediment entering and exiting an estuary during each tidal cycle is 

influenced by tidal asymmetry (Guo et al., 2016; Palazzoli et al., 2020; Donatelli et al., 2018). 

A flood dominance (flood phase shorter and more intense than ebb phase) triggers a net 

landward sediment import as flood velocities can be sufficiently high to resuspend sediment, 

while an ebb dominance is responsible for a net export (Van Dongeren and de Vriend, 1994; 

Lanzoni and Seminara, 2002). Tidal analysis for the Ribble Estuary (Figure 20 a, b, c) showed 

that, despite the estuary remaining flood dominated, the addition of embankments along the 

coastline affected the tidal propagation within the system by causing an overall intensification 

of ebb currents and weakening of flood currents. The Irish Sea, where the Ribble Estuary is 

located, is influenced by a phenomenon of resonance (Pickering et al., 2012). In San Francisco 

Bay (Holleman and Stacey, 2014), Yellow River Delta (Pelling et al., 2013) and the Patagonian 

Shelf (Carless et al., 2016), it has been observed that the introduction of embankments can 

affect the resonance properties of a basin, causing changes in the amplitude and phase of the 

M2 and M4 constituents, which result in changes in tidal distortion and asymmetry. In the 

Ribble Estuary, this increase in ebb dominance when embankments are added, follows an 
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increase in the phase of the M2 constituent and a decrease in the phase of the M4 constituent 

(Figure 20 d, e). 

When the channel is dredged, the areas of the channel adjacent to the tidal flat become flood 

dominated (Figure 20 a, b). It has been observed that an enhancement of flood dominance 

following channel dredging is caused by a tidal amplification which increases estuarine 

circulation (Zhu et al. 2015; Van Maren et al. 2015). Other estuaries, such as the Ems Estuary, 

located between the Netherlands and Germany, have showed similar behaviour (Van Maren et 

al. 2015). In the Ribble Estuary, this resulted in a lower intensification of ebb currents when 

embankments are added (Figure 20 c), hence attenuating the effects of the embankments on 

the sediment budget (Figure 19 b). 

Overall, our numerical modelling shows that embankments enhanced sediment export out of 

the system (Figures 19 and 20). Embankments begun to be built in 1810 AD; however, the 

oldest bathymetry available is from 1847 AD (van der Wal et al., 2002; Parsons et al., 2013a). 

Therefore, we cannot directly discuss changes in sediment transport caused by the beginning 

of the embankment construction. Luminescence derived accretion rates (Figure 16), in line with 

historical maps (Figure 12) and later bathymetric studies (van der Wal et al., 2002), show a 

continuous infilling of the estuary and progressive formation of the tidal flat over the period 

studied. Accordingly, tidal analysis shows that in 1847 AD the estuary was overall flood 

dominated despite the presence of the embankments (Figure 20 b). For the 2008 AD 

bathymetry, with no embankments present, the flood dominance of the Ribble Estuary is 

greater than it is for the 1847 AD (Figure 20 a). Both in the Ribble Estuary (Li et al., 2018; 

Chapter 4) and in other sites (e.g., Donatelli et al., 2018; Palmer et al., 2019), it has been 

observed that an increase in accommodation space promotes ebb dominance; the strengthening 

of flood dominance for the 2008 AD no-embankment scenario could be therefore caused by 

more extensive intertidal flats present in the 2008 AD bathymetry, responsible for a decrease 
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in accommodation space. A similar behaviour has been observed in the Tamar Estuary 

(Australia), where infilling of the accommodation space causes an increase in flood dominance 

(Palmer et al., 2019). However, when embankments are added, the 2008 AD scenario is 

characterised by a weakening of the flood currents compared to the 1847 AD scenario which 

extend also to the outer estuary (Figure 20 b). This indicates that further land reclamation and 

the addition of more embankments reduced the overall flood dominance of the estuary towards 

present day, which explains the sharper drop in sediment budget when embankments are added 

to the 2008 AD bathymetry compared to when they are added to the 1847 AD bathymetry. It 

further suggests that in 1810 AD the estuary might have been characterised by greater 

accommodation space and might have already been flood dominated, but the beginning of 

embankment construction might have already started reducing the natural strengthening of 

flood dominance driven by the infilling of the accommodation space. 

3.7.4 Natural accretion of the marsh 

The OSL age intervals suggested that there is a possibility that the rapid sedimentation might 

have started before the beginning of the 19th century, preceding the start of the embankment 

construction (Figure 16). Moreover, no shift was detected from a slower to a faster accretion 

rate in the lower part of the core, showing no direct evidence that the embankment construction 

might have triggered the rapid sedimentation (Figure 16). The sediment budget and tidal 

analysis suggest that in the Ribble Estuary, embankments were responsible for an overall 

intensification of the ebb currents, promoting sediment export and causing a decrease in the 

sediment budget of the tidal flat-salt marsh platform (Figures 19 and 20). Therefore, 

embankment construction was unlikely to be responsible for an increase in sedimentation. This 

suggests that the infilling of the estuary responsible for the high sedimentation rate must have 

had a different cause. 
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The particle size distribution analysis (Figure 17) suggests that the rapid accretion, detected by 

the Bayesian analysis of the OSL ages and occurred between 1734-1806 AD and 1768-1849 

AD, was mainly caused by infilling of the estuary with sand-sized sediments during flood tide 

(Rahman and Plater, 2014) and the reconstruction of Hesketh Out Marsh evolution (Figures 6) 

suggests that in this period a sandflat was the dominant environment (Plater et al., 2007). In 

the first period (bottom 300 cm of the core) the Hesketh Out Marsh area was a highly energetic 

environment that favoured deposition of coarser sand into the estuary; this was then followed 

by a transition (between 300 cm and 150 cm of the core) in which the environment became less 

energetic and dominated by infilling of finer sand (Figure 17). Glacial Isostatic Adjustment 

models show a long-term decrease in relative sea-level in North-West England for the past 

2000 years (Tooley, 1974; Shennan et al., 2018). Historical tidal gauge records showed that 

this was followed by an average increase in mean sea-level of 2 mm yr-1 since the beginning 

of the measurements in 1858 AD (Woodworth et al., 1999; PSMSL, 2019), and Plater et al. 

(1993) suggested that a secular rise in sea-level characterised the area, increasing the 

accommodation space. The secular rise in sea-level of the past centuries and consequent 

increase in accommodation space, might have led to the formation of the estuary, favouring an 

infilling of the area with marine sediments. The central Irish Sea is characterised by waves of 

mobile sediments that move up to 70 m per year (Van Landeghem et al. 2012). This high 

amount of mobile sediment is a legacy of materials left by the former Irish Sea Glacier that is 

mobilised on the seafloor in the form of sediment waves and sand sheets (Van Landeghem et 

al. 2012). Wright et al. (1971) suggested that this sediment was the main source of sediment 

supply to the estuary, and this is confirmed by the analysis of sediment provenance (Figure 15) 

that shows a strong correlation between the floor sediment of the Irish Sea and the sediment of 

the initial Hesketh Out Marsh sandflat platform. The progressive increase of the 

accommodation space and the overall flood dominance of the estuary (Figure 20 a) might have 
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facilitated the deposition of sea-bed sediments transported from the Irish Sea floor into the 

estuary during flood tide (Plater et al., 1993), therefore explaining such a rapid deposition of 

sediment into the area. As the platform started increasing in elevation, the deposition of coarse 

sand was replaced by the deposition of finer sand, which was responsible for the formation of 

the sandflat (Reed, 1990). The slower accretion that characterized the period comprised 

between 1768-1849 AD and 1926-1986 AD, on the other hand, was caused by the deposition 

of poorly sorted silts (Figure 17, Rahman and Plater, 2014). The reconstruction of Hesketh Out 

Marsh evolution (Figure 18) suggests that the accretion rate decreases with the progression 

from a sandflat to a mudflat (Plater et al., 2007) and the particle size distribution analysis 

(Figure 17) suggests that between 150 cm and 100 cm a transition occurred from an 

environment dominated by infilling through load traction into an environment dominated by 

accretion through settling, while in the top 100 cm of the core the environment becomes 

dominated by settling of silt-sized particles layered with occasional infilling of fine sand 

(Rahman and Plater, 2014). This mode of deposition is typical of mudflat-salt marsh systems. 

When mudflat platforms reach an elevation which is above sea-level, tidal creeks form and 

become the main mean through which marine sediments can reach the marsh platform and 

deposit; they transport silt-sized sediments to the marsh areas of higher elevation during flood 

tide and deposit them during ebb tide (Reed et al., 1999). The sandy layers that punctuate the 

upper 100 cm of the core are instead likely to be caused by infilling of fine sand through load 

traction during occasional flooding of the marsh platform owed to spring tide high waters or 

storm surges (Chapter 4 and Appendix II). Accordingly, the numerical simulations show that 

the sediment budget of Hesketh Out Marsh decreases towards present day both for 

embankments and no-embankments scenarios (Figure 19 a). The 1847 AD bathymetry is 

characterised by a greater accommodation space preceding the formation of the intertidal flat, 

whereas the 2008 AD bathymetry was characterised by an established intertidal flat and salt 
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marsh platform. Therefore, it is likely that the increase in elevation of the sandflat platform, 

following the infilling of the estuary accommodation space, and the conversion into a mudflat-

salt marsh platform, was responsible for the decrease in accretion rate detected by OSL around 

1768-1849 AD. Hence, the rapid accretion of the Ribble Estuary tidal flat-salt marsh system 

seems to be a natural evolution of the system that adapted to the high availability of sediments. 

3.7.5 Long-term marsh resilience to embankment construction 

The numerical simulations showed that the estuary has been flood dominated through the 

investigated period, but embankments were responsible for an overall intensification of the ebb 

currents in the system which promoted sediment export. The paleoenvironmental analysis 

showed that Hesketh Out Marsh has been accreting at a rate of 4.61 to 0.86 cm yr-1 over the 

last ca. 190 years and that the estuary has experienced continuous infilling over the period 

studied caused by a natural high rate of sediment supply. Furthermore, the modelling showed 

that the channel dredging reduced the intensification of the ebb currents caused by the 

construction of the embankments. The combination of these analyses suggests that the effects 

of the embankment construction on sediment transport did not compromise the long-term 

resilience of the salt marsh because of the high rates of sediment supply and undergoing river 

dredging that enhanced flood dominance near the tidal flat. 

Part of Hesketh Out Marsh was enclosed by embankments in 1980 AD and managed realigned 

between 2007 AD and 2017 AD (Tovey et al., 2009). Managed realigned sites have been found 

to be resilient to rates of sea-level rise below 5 mm yr-1 (Orr et al., 2003). The resilience of 

managed realigned salt marshes has been found to be highly dependent upon the breach design 

and size of the site (Kiesel et al., 2020; Kiesel et al., 2022) as well as sediment supply, size of 

sediment supplied to the marsh and tidal range (Xu et al., 2022). It was also observed that the 

vegetation cover at different stages of marsh maturity and related ability to trap sediments in 
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restored salt marshes are comparable with those of forming marshes (Xu et al., 2022). 

However, for Hesketh Out Marsh, the effects on the reclamation and subsequent managed 

realignment on the marsh accretion cannot be discussed in relation to the accretion rates 

provided by the luminescence analysis, due to the low resolution of the technique that was only 

able to provide with ages ranging between 1734-1806 AD and 1926-1986 AD with a minimum 

error of +/-30 years. 

Other studies have shown that embankment construction can trigger higher sedimentation rates 

in certain areas of an estuary. This was observed, for instance, by Pontee (2014) in the Humber 

Estuary and Lee et al. (2017) in Chesapeake Bay and Delaware Bay, who concluded that, by 

channelising sediment, embankments can favour the delivery of sediment to a specific area of 

an estuary accommodation space, inducing siltation of intertidal areas and aiding vertical 

accretion of tidal flat-salt marsh systems. This suggests that the effects of embankments on 

sediment deposition can change from case to case depending on the hydrodynamic and 

morphodynamic feedbacks characteristic of the site and that results for single basin studies 

cannot be generalised. Along the North-West coast of England, other estuaries of great 

economic importance and at high flood risk, experience tidal dynamics and rate of sediment 

supply similar to the Ribble Estuary (Parsons et al., 2013d). Liverpool Bay estuaries – i.e., Dee 

Estuary and Mersey Estuary – and Morecambe Bay estuaries are all tidally dominated, 

macrotidal, flood dominated and receive sediments from the central Irish Sea that accumulate 

in intertidal areas forming extensive tidal flats and salt marsh platforms (Parsons et al., 2013b, 

2013c, 2013d). They were also all affected by land reclamation and embankment construction 

over the past c.a. 200 years (Parsons et al., 2013b, 2013c, 2013d). Hence, the findings of this 

study could be used to inform about the effects that embankment construction might have on 

the sediment transport dynamics of these estuaries in relation to sediment availability. 
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3.8 Conclusions 

This study used Hesketh Out Marsh, in the Ribble Estuary, and an integrated approach of 

paleoenvironmental analysis and numerical modelling to investigate the contribution of 

embankment construction to long-term salt marsh accretion. OSL analysis showed that Hesketh 

Out Marsh has been accreting at a rate of 4.61 to 0.86 cm yr-1, and that this rapid accretion 

responsible for the infilling of the estuary might have started before the beginning of 

embankment construction in 1810 AD, which is in contrast with previous hypotheses. 

Moreover, no shift from a slower to a more rapid accretion was noticeable in the trend that 

could link the beginning of the rapid accretion to the beginning of the embankment 

construction. Furthermore, the numerical simulations showed that in the Ribble Estuary the 

addition of embankments is responsible for an overall intensification of the ebb currents, which 

enhances sediment export. This confirms that embankments cannot be considered responsible 

for an increase in sedimentation. XRF analysis showed that sediment supply to the Ribble 

Estuary is predominantly from the Irish Sea and, in conjunction with PSD and NIRS analyses, 

it showed that the changes in accretion rate detected by OSL were connected to the natural 

evolution and stabilisation of the system, supporting the hypothesis that the high sediment 

supply to the Ribble Estuary is likely to be connected to the high availability of mobile sediment 

in the central Irish Sea that was discharged by the Irish Sea Glacier during the last deglaciation. 

The rapid sedimentation is, therefore, more likely to be attributed to the natural sediment supply 

to the estuary. The following decrease in sedimentation is instead attributable to the natural 

evolution of the mudflat-salt marsh system that reached equilibrium. Despite the numerical 

modelling showing that embankments promote sediment export, the long-term accretion of the 

salt marsh was not compromised by the effects of the embankment construction. The numerical 

modelling showed that the estuary has been flood dominated throughout the studied period and 

that the infilling of intertidal flats, combined with undergoing river dredging, further enhanced 
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this flood dominance. It is likely that a combination of overall flood dominance, natural high 

rates of sediment supply, infilling of the accommodation space with this sediment and 

undergoing river dredging, contributed to the formation and accretion of the salt marsh despite 

the negative impact of the embankments on the marsh sediment budget. 
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Chapter 4 

Salt marsh resilience to sea-level rise and increased storm intensity 
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4.1 Preface 

Chapter 3 showed how anthropogenic interventions (e.g., embankment construction and 

dredging) can change the tidal dynamics and, therefore, the sediment transport dynamics within 

an intertidal system. Such changes affect sediment delivery to the salt marsh, with implications 

for marsh accretion, although the extent to which sediment supply to the marsh platform is 

affected depends on the natural sediment availability within the system. Sediment transport 

dynamics within an intertidal system, however, can also be affected by natural changes in 

hydrodynamics (e.g., sea-level rise, occurrence of extreme events). Sea-level and storm 

intensity are both projected to increase within the next century but, although their separate 

effects on intertidal sediment dynamics have been widely investigated, their combined effect 

on sediment transport within an intertidal system has yet not been discussed. Hence, this 

chapter aims to investigate how combined scenarios of sea-level rise and increases in storm 

intensity might affect sediment delivery to salt marshes, with implications for future salt marsh 

resilience. Chapter 3 also demonstrated that sediment budgets estimated from short-term 

simulations of different scenarios reproducing different bathymetric and hydrodynamic 

conditions in time are successfully able to represent long-term changes in accretion rates and 

can, therefore, be useful metrics for evaluating long-term salt marsh resilience. Henceforth, to 

investigate marsh resilience to sea-level rise and increased storm intensity, this chapter derives 

sediment budgets from a wealth of sea-level and storm surge scenarios. 

4.2 Abstract 

Salt marshes are important ecosystems but their resilience to sea-level rise and possible 

increases in storm intensity is largely uncertain. The current paradigm is that a positive 

sediment budget supports the survival and accretion of salt marshes while sediment deprivation 

causes marsh degradation. However, few studies have investigated the combined impact of sea-
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level rise and increased storm intensity on the sediment budget of a salt marsh. This study 

investigates marsh resilience under the combined impact of various storm surge (0 m, 0.25 m, 

0.5 m, 1.0 m, 2.0 m, 3.0 m and 4.0 m) and sea-level (+0 m, +0.3 m, +0.5 m, +0.8 m and +1.0 

m) scenarios by using a sediment budget approach and the hydrodynamic model Delft3D. The 

Ribble Estuary, North-West England, whose salt marshes have been anthropogenically restored 

and have a high economic and environmental value, has been chosen as test case. We conclude 

that storm surges can positively contribute to the resilience of the salt marsh and estuarine 

system by promoting flood dominance and by triggering a net import of sediment. Conversely, 

sea-level rise can threaten the stability of the marsh by promoting ebb dominance and triggering 

a net export of sediment. Our results suggest that storm surges have a general tendency to 

counteract the decrease in sediment budget caused by sea-level rise. The timing of the storm 

surge relative to high or low tide, the duration of the surge, the change in tidal range and 

vegetation presence can also cause minor changes in the sediment budget. 

4.3 Introduction 

Salt marshes are vegetated wetlands, typical of mid and high latitudes, that are distributed 

within the upper intertidal zone of low-energy shorelines, such as estuaries, deltas, and barrier 

islands (Townend et al., 2011). Salt marshes have been widely recognised as valuable coastal 

defences due to their ability to buffer storm waves (e.g., Möller et al. 1999; Leonardi et al., 

2018). There have been a variety of projects around the world to create new salt marshes and/or 

restore salt marshes that were previously reclaimed for anthropogenic activities to provide 

long-term and low-cost coastal protection (Temmerman et al., 2013). Salt marshes also provide 

other valuable ecosystem services, including nutrient removal, habitat provision and high rates 

of carbon sequestration at geological time scales (Zedler and Kercher, 2005; Barbier et al., 

2011). The fate of salt marshes is, however, uncertain as it is still unclear how salt marshes will 

be affected by the combined impacts of sea-level rise and intensification of storms activity, 
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inducing higher level storm surges (Schuerch et al., 2013; Masson-Delmotte et al., 2018). The 

sensitivity of tidal flat and salt marsh complexes to changes in hydrodynamics depends on a 

variety of local features including tidal characteristics, sediment availability, vegetation 

characteristics and depositional processes (Reed, 1995). 

Salt marshes are generally resilient to sea-level rise when sediment supply and organogenic 

production are high enough to allow marsh accretion or when salt marshes can migrate upland 

(Kirwan et al., 2010, 2016). The accretion and encroachment of new salt marshes occurs when 

the delivery of fine sediments from rivers and the sea increases the elevation of marsh platforms 

and tidal flats relative to the sea-level, and vegetation colonises newly exposed surfaces (Reed, 

1990). Sediments that arrive from the sea are delivered during flood tide and sediment 

deposition is determined by the duration and frequency of tidal inundation (hydroperiod) with 

more deposition occurring when inundation is longer and more frequent (Reed, 1990). 

Vegetation supports marsh stability through biomass growth, particle capture by plant stems, 

and enhanced particle settling caused by a reduction in turbulent kinetic energy of the water 

flow through the plant canopy (Morris et al. 2002; Neumeier and Ciavola, 2004; Mudd et al., 

2010). Increasing rates of sea-level rise can lead to marsh drowning by increasing the 

accommodation space and the amount of sediment inputs required for marsh stability 

(FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al., 2017). Lateral erosion by wind waves 

can also cause marsh degradation (Marani et al., 2011; Fagherazzi et al., 2013; Leonardi and 

Fagherazzi, 2014; Leonardi et al., 2018; Li et al., 2019). While waves generated during storms 

can contribute to salt marsh erosion, there is evidence that overwash by storm surges delivers 

significant amount of sediments to marsh platforms supporting marsh resilience to sea-level 

rise (Turner et al., 2006; Walters and Kirwan, 2016; Castagno et al., 2018). Overall, the net 

sediment budget of a coastal system is a useful metric to evaluate the life-span of salt marshes; 

a positive sediment budget is frequently associated with the capability of salt marshes to 
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expand, while a negative sediment budget has been linked to marsh degradation (Ganju et al., 

2015). 

This study investigates the resilience of salt marshes to sea-level rise and storm intensification 

by focussing on the combined influence of increasing sea-level and storm surge height on the 

sediment budget of a salt marsh-tidal flat complex using a numerical model of the Ribble 

Estuary, North-West England. Saltmarshes in the Ribble Estuary are one of Europe’s largest 

systems, which has been restored through managed realignment to provide flood protection 

(Tovey et al., 2009). A total of 250 numerical simulations representing different storm surge 

heights and sea-level rise magnitudes were conducted; the timing of occurrence of the surge 

with respect to high or low tide, the duration of the surge, the change in tidal range and 

vegetation presence were also considered to understand the influence of these factors on the 

nature and amplitude of changes in sediment budget. 

4.4 Study site 

The Ribble Estuary is located on the Lancashire coast, North-West England (Figure 21 c). The 

estuary is funnel shaped, tidally dominated and macrotidal; the ordinary tidal range is 8.0 m at 

spring tide and 4.4 m at neap tide (UKHO, 2001). The average marsh platform elevation is 

approximately 3.5 m above mean sea level. The estuary experiences moderate wave energy 

owed to waves being generated in the Irish Sea basin (Pye and Neal, 1994). It is thought that 

the formation of the extensive intertidal sand-silt flats and the salt marsh at the south of the 

estuary resulted from the combination of infilling of sandy sediments from the bed of the Irish 

Sea, deposition of the silt and clay-size sediments coming from the River Ribble and a moderate 

wave climate insufficient to cause significant lateral erosion (van der Wal et al., 2002). Van 

der Wal et al. (2002) suggested that the river does not significantly influence the sediment 

supply to the estuary and that the sedimentation is mainly affected by marine sediment. Lyons 
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(1997) suggested that tidal pumping, especially during high storm surges is the main process 

introducing sediments into the estuary. Between 2007 and 2017, a scheme was implemented to 

restore the intertidal habitat previously reclaimed for agricultural purposes and the area has 

high ecological and economic value (Tovey et al., 2009). 

4.5 Methods 

4.5.1 The model 

The FLOW module of the numerical finite-difference model Delft3D was used to simulate the 

hydrodynamics and sediment transport of the system. The model calculates non-steady flow 

and transport phenomena using Navier-Stokes and transport equations (Deltares, 2019a). The 

model accounts for bed-load and suspended-load of multiple cohesive and non-cohesive 

sediment fractions, vertical diffusion of sediments due to turbulent mixing and the sediment 

settling due to gravity. It also accounts for the effect of vegetation on the flow field. The 

suspended load is evaluated through the advection–diffusion equation and the bed-load 

transport is computed using the formulation proposed by Van Rijn (1993). The exchange of 

sediments between the bed and the flow for non-cohesive sediments is computed by evaluating 

sources and sinks of sediments near the bottom, respectively due to upward diffusion and 

sediments dropping out from the flow due to their settling velocities (Van Rijn, 1993). For 

cohesive sediments, the Partheniades–Krone formulations for erosion and deposition are used 

(Partheniades, 1965). The vegetation presence is computed following the formulation of 

Baptists (2007). The module accounts for the three-dimensional effect of rigid cylindrical plant 

structures on drag and turbulence. The first is modelled by adding an extra source term of 

friction force, caused by the cylindrical plant structures, in the momentum equation; the second 

is achieved by adding an extra source term of turbulent kinetic energy dissipation, generated 

by the cylindrical plant structures, in the k-e equations. For more information on the vegetation 
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module, we refer to Deltares (2019a). The design of the domain and the set-up and calibration 

of the model for this study were performed by Li et al. (2018, 2019). The domain consists of a 

grid of 344 x 80 cells in the east to west and north to south direction (Figure 21 a), and three 

equally spaced vertical layers. The bathymetry (Figure 21 b) was obtained from the 

combination of two datasets: the bathymetric data for the open sea collected from EDINA 

DIGIMAP and the LiDAR data for the coastal regions downloaded from the Environment 

Agency’s LiDAR data archive. Since the two datasets have different vertical reference levels, 

Low Astronomical Tide (LAT) and Above Ordnance Datum Newlyn (AODN) respectively, 

they were adjusted and referred to Mean Sea Level (MSL) following the spatially varying 

Vertical Offshore Reference Frame (VORF) corrections provided by the UK Hydrographic 

Office prior to combination. The model is constrained within two open boundaries, one 20 km 

offshore and one across the River Ribble. Data for the offshore boundary was provided by the 

Extended Area Continental Shelf Model fine grid (CS3X), which has approximately 12 km 

resolution, covers an area from 53.55° N to 53.92° N and from -3.33° E to -2.75° E, and uses 

meteorological data from the UK Met Office Operational model, consisting of hourly water 

level and current simulation values. Data for the river boundary was collected from the National 

River Flow Archive and consists of a time series of daily-averaged river discharge values; a 

constant discharge of 44 m3 s-1 was estimated using the mean discharge for the simulated 

period. Measurements of suspended sediment concentration performed in the Ribble Estuary 

by Wakefield et al. (2011) were used to estimate a constant sediment discharge from the river 

of 0.29 kg m-3 s-1. A restricted area of the domain was selected for the sediment budget 

calculation (Figure 21). For more information on model setup and calibration we refer to Li et 

al. (2018, 2019). 
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Figure 21. Grid (a), bathymetry (b) and map (c, d) of the domain. The continuous brown lines 

represent the land boundary. The area enclosed by the black curved lines and the area enclosed 

by the brown dashed lines (panel a, b and d) are respectively the restricted domain and the salt 

marsh used for the calculation of the cumulative sediment deposition. The area enclosed by the 

white dashed lines (panel d) is now part of the saltmarsh as it was restored in 2017 (RSPB, 

2019). In panel b, the yellow shade corresponds to the tidal flat and nearshore area, the green 

shade corresponds to the inner estuary and the light blue shade corresponds to the outer 

estuary (© Google Earth Pro, 2020). 
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4.5.2 Simulation scenarios and tidal analysis 

A total of 250 simulations were conducted (Table 2). Each simulation was run for a month 

from January 1st until January 31st 2008. The maximum spring and neap high tides in this period 

reach respectively 4.2 m and 3.2 m above mean sea-level and the minimum spring and neap 

low tides reach respectively 3.8 m and 2.5 m below mean sea-level. Storm surges that 

characterise mid-high latitudes have a typical duration of 2-5 days (von Storch et al., 2015). To 

understand the impact of the storm duration on the sediment budget, gaussian functions with 

duration 48 hours (σ = 6 hours), 72 hours (σ = 9 hours) and 120 hours (σ = 15 hours) were 

added to the initial water level time series at the offshore boundary. Extreme value analysis of 

storm surge residuals along the UK coastline, presented in Table S3, showed surge heights up 

to 3 m for exceedance probabilities p = 0.01. Values at regular intervals within the range of 

these observations were chosen to simulate storm surges of different heights: 0 m, 0.25 m, 0.5 

m, 1.0 m, 2.0 m, 3.0 m and 4.0 m (Figure 22 a and 22 b). To understand the role of the timing 

of the surge with respect to tidal levels, for each surge height, two runs were conducted, one 

with the peak of the surge coinciding with the peak of high tide and one with the peak of the 

surge coinciding with the peak of low tide. To understand the role of tidal range, these scenarios 

were simulated for both spring and neap tide. The storm surge was introduced after 11 days of 

simulation for the spring tide scenario and after 18 days for the neap tide scenario, to avoid any 

interference with the initial spin-up time. To simulate different sea-level scenarios, the 

bathymetry was lowered by 0 m, 0.3 m, 0.5 m, 0.8 m and 1.0 m (Figure 22 c). These values 

were chosen as regular intervals within the range of the IPCC scenarios (Masson-Delmotte et 

al., 2018). The whole bathymetry was modified, without accounting for morphodynamic 

evolution. This has been done in previously published papers to simulate scenarios of higher 

sea-level (e.g., Zhang et al., 2020). Storm surges and sea-level scenarios were then combined 

to investigate the integrated effects on the sediment budget; the 48 hours scenarios occurring 
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during spring tide were used for this purpose. The Ribble Estuary experiences moderate wave 

energy (Pye and Neal, 1994). However, for simplicity, the effects of wind waves have been 

neglected in this study to investigate exclusively the distinct effects of surges and sea-level. 

There is evidence that vegetation affects sediment deposition not only directly, by capturing 

particles and enhancing particle settling, but also indirectly, by changing the water flow 

direction and increasing the flood velocity, hence causing sediment resuspension 

(Temmermann et al., 2005). Simulations were conducted with and without vegetation presence 

to test how it affects sediment deposition and, ultimately, the sediment budget. A plant density 

of 512 stems m-2 was used for the vegetated scenarios to simulate a high level of vegetation 

cover (Li et al., 2018). The cumulative sediment deposition across the marsh area and estuarine 

system within the restricted domain was used as an estimate of the sediment budget and 

describes the amount of accretion (positive values) or erosion (negative values) of the bed for 

each cell of the domain. The net accretion/erosion on the whole marsh and restricted domain 

can be calculated by multiplying the cumulative deposition of each cell for the cell area and 

summing them, making it a useful proxy to determine the amount of sediment stored within 

the system. 
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Figure 22. Water level for scenarios of surges peaking at high (a) and low (b) tide; the 48 h 

scenarios occurring during spring tide are used for the illustration. Water level for scenarios 

of different sea-levels (c); five days during spring tide were selected for the illustration. The 

water level is calculated as an average of all water levels at the ocean open boundary. 
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Table 2. Combinations of simulated scenarios of sea-level and storm surges. These were 

repeated for different durations (48 h, 72 h and 120 h), with and without vegetation, for 

different timing of the storm surge with respect to tidal level (peak of the surge corresponding 

with HT or LT peak) and for different tidal ranges (surge occurring during spring or neap 

tide). 

Sea-level scenarios Storm surges scenarios at HT and LT peak (for durations of 48 hr, 72 hr, 120 hr) 

0 m 0 m 0.25 m 0.5 m 1 m 2 m 3 m 4 m 

0.3 m 0 m 0.25 m 0.5 m 1 m 2 m 3 m 4 m 

0.5 m 0 m 0.25 m 0.5 m 1 m 2 m 3 m 4 m 

0.8 m 0 m 0.25 m 0.5 m 1 m 2 m 3 m 4 m 

1 m 0 m 0.25 m 0.5 m 1 m 2 m 3 m 4 m 

 

Tidal asymmetry has been recognised as one of the main factors controlling the net 

import/export of sediments and the large-scale morphological evolution of estuaries (Guo et 

al., 2016; Leonardi and Plater, 2017; Palazzoli et al., 2020) and there is evidence that changes 

in water level affect the tidal signal (Parker, 2007). It has been observed that, in shallow water, 

wind generated storm surges with period longer than the tidal period can cause an increase in 

water depth (when water level is raised by an onshore wind) and change the tidal dynamics by 

increasing the tidal range, causing a non-linear tidal distortion affecting the asymmetric non-

linear terms that involve elevation for the period of the surge duration (Parker, 2007). Parker 

et al. (2007) suggests that these changes in the non-linear terms modify the harmonic constants 

since a greater tidal range leads to a maximum wave propagation velocity and minimum 

attenuation at crest and the opposite at through, causing an asymmetric distortion of the tide 

and generating second harmonics (e.g., M4). Sea-level is also known to cause modifications of 
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the harmonic constants, as it causes changes in reflection and resonance of the tidal signal (van 

Maanen et al., 2013). To investigate the effect of storm surges and sea-level on the tidal signal, 

Fourier analysis was conducted for each scenario; changes in the tidal signal discussed for 

storm surge scenarios refer to time-limited modifications occurring during the period of the 

storm, while for sea-level scenarios the whole month was analysed. The MATLAB package T-

TIDE was used to conduct the analysis (Pawlowicz et al., 2002); for storm surges, the 48 hours 

scenarios occurring during spring tide was used for this purpose. The distortion and asymmetry 

of the tidal signal were analysed using the principal lunar semi-diurnal constituent M2 and the 

largest shallow water constituent M4; the distortion was calculated using the ratio A4-

2=AM4/AM2 where A is the amplitude of the tidal height and the asymmetry was calculated 

using Δθ=2θM2-θM4 where θ is the phase of the tidal height (Friedrichs and Aubrey, 1988; 

Blanton et al., 2002). When Δθ is between 0° and 180° the flood phase dominates, whereas 

when it is between 180° and 360° the ebb phase dominates; the magnitude of A4-2 is 

representative of the significance of the dominance (Friedrichs and Aubrey, 1988). The 

harmonic analysis was not performed on dry cells and on salt marsh or tidal flat cells 

intermittently covered by water. 

4.6 Results 

4.6.1 Sediment budget 

Figure 23 shows that for spring tide scenarios the cumulative sediment deposition increases 

overall in both the restricted domain and on the marsh platform when the surge height increases. 

For the 48 hours scenario, in the restricted domain, for higher surges, deposition is more 

substantial when the peak of the surge coincides with the high tide peak. On the marsh platform, 

the rise is more pronounced when the peak of the surge coincides with the low tide peak. For 

longer durations (72 hours and 120 hours scenarios), this difference decreases visibly and 
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becomes negligible. Similarly, these trends remain comparable when a decrease in tidal range 

is applied (i.e. neap tide scenarios), but the difference between deposition driven by surges 

peaking at high tide and surges peaking at low tide becomes less significant (Figure S6). For 

all durations at spring tide (Figure 23), when vegetation is added, the trends show a variation 

both in the restricted domain and on the marsh. In the restricted domain, the deposition in the 

vegetated scenario is greater than the hypothetical non-vegetated scenario for surges up to 2 m 

and lesser for surges >2 m. Conversely, on the saltmarsh, the deposition in the vegetated 

scenario is lesser for surges up to 1 m and greater for surges >1 m compared to the non-

vegetated scenario. For neap tide scenarios (Figure S6), this inversion in the trends does not 

occur or it only occurs for surges >3 m. With an increase in sea-level (Figure 24), the 

cumulative sediment deposition decreases both in the restricted domain and on the marsh. 

When vegetation is added, no significant difference is noticeable in the trend. 

When the surge and sea-level scenarios are combined, the trends in deposition caused by the 

increase in surge height remain similar in all sea-level scenarios (Figure 25). The main visible 

difference is a decrease in the difference between deposition during surges occurring at low 

tide and high tide in the restricted domain (Figure 25 a), whereas on the marsh the difference 

increases (Figure 25 b). However, there is an overall decrease in the magnitude of deposition 

with the increase in sea-level. Overall, it seems that the effects of storm surges mask the effects 

of sea-level rise on the sediment budget, both in the restricted domain and on the marsh 

platform; this is especially true for surges with the highest intensities (>3 m). 
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Figure 23. Sediment budget integrated across the entire area of the restricted domain (a, c, e) 

and the saltmarsh (b, d, f) for each surge height, for surges occurring at high tide (HT) and 

low tide (LT) without vegetation (no v) and with vegetation (v), for surges of different durations 

occurring at spring tide (see Figure S6 in Appendix II for surges occurring at neap tide); 

scenarios run using an ideal only-mud bed composition. 
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Figure 24. Sediment budget integrated across the entire area of the restricted domain (a) and 

the saltmarsh (b) for each sea-level scenario, without vegetation (no v) and with vegetation 

(v); scenarios run using an ideal only-mud bed composition. 

 

Figure 25. Sediment budget integrated across the entire area of the restricted domain (a) and 

the saltmarsh (b) for each combination of surge height and sea-level scenarios, for surges 

occurring at high tide (HT) and low tide (LT) without vegetation (no v) and with vegetation 

(v); scenarios run using an ideal only-mud bed composition. The analysis was performed using 

the 48 h scenarios occurring at spring tide. 
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4.6.2 Tidal analysis 

At present-day sea-level and no surges, the estuary is characterised by a dominance of the flood 

phase (Figure 26). Flood dominance decreases landward, accompanied by an initial increase in 

distortion, as tides move from the deeper to the shallower portion of the estuary, which then 

reduces again around the shallower tidal flat areas (Figure 26). The overall flood dominance 

explains the positive sediment budget characterizing the system in a no sea-level rise and no 

surge scenario. 

 

Figure 26. Tidal distortion (A4-2) and asymmetry (Δθ) at present sea-level (PSL) with no surges. 

Entire domain above and zoom on the inner estuary and tidal flat areas below. When Δθ is 

between 0° and 180° the flood phase dominates, when it is between 180° and 360° the ebb 

phase dominates; when the magnitude of A4-2 increases, the degree of the asymmetry is more 

significant and vice versa. The continuous brown lines correspond to the land boundary. The 

area enclosed by the brown dashed lines is the salt marsh. 
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In the presence of storm surges and for locations near the coastline (Figure 21, S1), the flood 

dominance and tidal distortion are strongly enhanced as the surge height increases (Figures 27 

and 28). Conversely, further away from the coast (Figure 21, S2), the tidal signal is 

characterised by a reduction in distortion and a slight shift towards ebb dominance (Figures 27 

and 28). The significant increase in distortion and flood dominance explains the increase in 

sediment deposition in the system seen in Figure 23 (above) and in Figure S6. The ebb shift 

offshore is slightly more pronounced when the surge occurs at low tide peak for higher surges 

(Figure 27). This can explain the differences in deposition between surges occurring at high 

and low tide peak seen in the 48 hours scenarios at spring tide for the restricted domain (Figure 

23 a). On the salt marsh, for the same scenarios, the higher deposit caused by the surges 

occurring at low tide, compared to the surges occurring at high tide (Figure 23 b), is likely to 

depend on the duration of the flooding, since in the first case the surge covers two high tide 

peaks, enhancing two flood events, whereas in the second case the surge covers only one high 

tide peak, enhancing only one flood event (Figures 22 a and 22 b). This difference becomes 

negligible for longer durations (Figure 23 c, d, e, f), since the number of tidal cycles covered 

by the surge increases enough to reduce the effect of the tidal harmonic on the amplification of 

the surge and the influence of surge timing. The same principle is applied for lower tidal ranges 

(i.e. neap tide scenarios, Figure S6); with a decrease in the amplitude of the tidal harmonic, 

there is a consequent reduction in the surge amplification. 
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Figure 27. Difference between tidal distortion (A4-2) and asymmetry (Δθ) of 1 m and 4 m surge 

scenarios and the no surge scenario at current sea-level (see Figure S7 in Appendix II for the 

rest of the surge scenarios). When Δθ is positive there is an increase in ebb dominance with 

respect to the no surge scenario, when it is negative there is an increase in flood dominance; 

when A4-2 is positive, the degree of the asymmetry is more significant, vice versa when it is 

negative. The analysis was performed using the 48 h scenarios occurring during spring tide. 

The continuous brown lines correspond to the land boundary. The area enclosed by the brown 

dashed lines is the salt marsh. 

 

Figure 28. Difference between tidal distortion (A4-2) (a) and asymmetry (Δθ) (b) of all surge 

scenarios and the no surge scenario at current sea-level for one point along the coastline 

(coast) 53.64° N -3.02° E (Figure 21, S1) and one further away from the coast (out) 53.73° N 

-3.03° E (Figure 21, S2). When Δθ is positive there is an increase in ebb dominance with 

respect to the no surge scenario, when it is negative there is an increase in flood dominance; 
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when A4-2 is positive, the degree of the asymmetry is more significant, vice versa when it is 

negative. The analysis was performed using the 48 h scenarios occurring during spring tide. 

When different sea-level scenarios are applied, as sea-level rises, locations near the coastline 

are characterised by an increasing ebb dominance (Figure 21, S3), which seems to be more 

significant on the deeper areas of the tidal flats, while it becomes less significant on the 

shallower areas of the tidal flats, where distortion decreases (Figures 29 and 30). This increase 

in ebb dominance explains the decrease in sediment deposition seen in the system in Figure 24. 

Conversely, further away from the coast (Figure 21, S4) an increase in distortion is associated 

to a strengthening of the flood dominance (Figures 29 and 30). The difference in deposition 

between surges occurring at high and low tide peak seen in the restricted domain for the 48 

hours scenario at spring tide (Figure 23 a) decreases with sea-level rise (Figure 25 a); this can 

be explained by the offshore increase in flood dominance caused by sea-level rise (Figure 29) 

offsetting the difference in ebb dominance between surges occurring at high tide peak and 

surges occurring at low tide peak (Figure 27). 

For the same scenarios, the difference in deposition between surges occurring at low tide peak 

and surges occurring at high tide peak on the marsh (Figure 23 b) increases with sea-level rise, 

since greater water depth enhances inundation for two high tide peaks in the first case but only 

one high tide peak in the second case (Figures 22 a and 22 b). Overall, the impact of increasing 

storm surge heights on distortion and asymmetry is higher near the coastline (Figure 28), while 

the effect of sea-level rise is more pronounced in the outer estuary (Figure 30). 
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Figure 29. Difference between tidal distortion (A4-2) and asymmetry (Δθ) of all sea-level 

scenarios and the current sea-level scenario. When Δθ is positive there is an increase in ebb 

dominance with respect to the present sea-level scenario, when it is negative there is an 

increase in flood dominance; when A4-2 is positive, the degree of the asymmetry is more 

significant, vice versa when it is negative. The continuous brown lines correspond to the land 

boundary. The area enclosed by the brown dashed lines is the salt marsh. 

 

Figure 30. Difference between tidal distortion (A4-2) (a) and asymmetry (Δθ) (b) of all sea-level 

scenarios and the current sea-level scenario for one point along the coastline (coast) 53.63° 

N-3.06° E (Figure 21, S3) and one further away from the coast (out) 53.72° N-3.07° E (Figure 

21, S4). When Δθ is positive there is an increase in ebb dominance with respect to the present 

sea level scenario, when it is negative there is an increase in flood dominance; when A4-2 is 

positive, the degree of the asymmetry is more significant, vice versa when it is negative. 
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4.6.3 Vegetation effect in storm surge scenarios 

When vegetation is added, there is a change in current velocities in comparison to the 

hypothetical non-vegetated scenarios (Figure 31). In the spring tide scenarios, for the no surge 

scenario and for surges up to 1 m, as the surge height increases, on the marsh platform there is 

a consistent increase in flood velocity within the tidal creeks, whereas along the edge of the 

marsh there is a consistent decrease. This favours resuspension within the marsh area and 

deposition in the periphery, therefore leading to less deposition on the marsh platform but more 

in the restricted domain. During higher surges, the marsh platform is mainly characterised by 

lower velocities, whereas in the peripheric areas the higher velocities dominate. This favours 

deposition on the marsh area and excavation in the periphery, leading to more deposition on 

the marsh platform but less in the restricted domain. For the neap tide scenarios, this inversion 

does not occur at all or it only occurs for surges >3 m (Figure S6). During neap tide, the water 

level is lower during flood phase, when the marsh is inundated, therefore the velocity profile 

typical of lower water depths persists for higher surges. 
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Figure 31. Difference between maximum current velocity during flood phase of vegetated (v) 

and hypothetical non-vegetated (no v) scenarios for all surge scenarios. The analysis was 

performed using the 48 h scenarios occurring at spring tide. The continuous brown lines 

correspond to the land boundary. The area enclosed by the brown dashed lines is the salt 

marsh. 

4.7 Discussion 

The sediment budget of estuaries and saltmarshes depends on the quantity of sediment entering 

and exiting the system during each tidal cycle, and this is influenced by tidal asymmetry and 

distortion (Guo et al., 2016; Palazzoli et al., 2020). When there is a flood dominance (flood 

phase shorter and more intense than ebb phase), flood velocities can be sufficiently high to 

resuspend sediment and promote a net landward sediment import, and vice versa in the case of 

ebb dominance (Van Dongeren and de Vriend, 1994; Lanzoni and Seminara, 2002). 
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For a no-sea-level rise and no-surge scenario, the system is overall flood dominated (Figure 

26) with a positive sediment budget both in the restricted domain and on the marsh platform 

(Figure 23). The flood dominance significantly decreases for shallower tidal flats and marsh 

areas. This decrease is likely to be caused by a landward increase in friction, which reduces the 

velocity of the incoming tide (Friedrichs and Aubrey, 1988; Wang et al., 2002; Parker, 2007). 

This phenomenon has been observed in some of the major estuaries around the world, where 

the friction effect is dominant in the upper estuary – e.g., the Severn Estuary in UK (Lyddon et 

al., 2018) and the Westerschelde estuary in the Netherlands (Wang et al., 2002). 

4.7.1 Storm surges 

Storm surge presence enhances the flood dominance near the coastline and causes a slight ebb 

dominance offshore (Figures 27, 28 and S7). The most important term affecting the non-linear 

interaction between storm surges and tides in shallow water is the non-linear bottom friction 

term (Zenghao and Yihong, 1996; Parker, 2007). When a storm surge causes an increase in 

water level and has period longer than the tidal period, the water depth increases due to the 

effect of the surge, reducing the bottom friction (Figure S8) and, therefore, increasing the 

propagation speed of the tidal wave which is depth dependent (Rossiter, 1961; Wolf, 1981; 

Parker, 2007). This leads to an increase in the speed of the flood phase, as the crest of the tide 

partially overtakes the trough; hence the enhancement of flood dominance near the coastline 

caused by the increase in surge height (Friedrichs and Aubrey, 1988; Olbert, 2013). The non-

linear interaction between tide and storm surge has been well observed for several years (eg. 

Rossiter, 1961; Wolf, 1981; Parker, 1991). For instance, Parker (1991) described a tidal signal 

several locations along Delaware Bay (USA) with shorter and faster flood phase compared to 

the predicted signal during the occurrence of a subtidal storm surge. 
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In deeper water, where the effect of the bottom friction is less prevalent, the symmetric 

relationship of tide and velocity might be the dominant factor that controls the phase dominance 

(Savenije, 2012). Therefore, the increase in water level caused by the increase in surge height 

could be responsible for the offshore increase in ebb dominance (Wang et al., 2002; Moore et 

al., 2009). This is, for instance, observed in the Dee Estuary (UK) where the tidal flats are 

mainly characterised by a distorted flood dominated tidal signal, while in the deeper channel 

the signal is less distorted and the ebb phase results to be dominant (Moore et al., 2009). This 

also explains the more pronounced offshore ebb dominance when the surge peaks at low tide 

compared to when it peaks at high tide (as observed for the 48 hours scenarios at spring tide 

but not for the longer durations or the reduced tidal range). In the first case the surge covers 

two high tide peaks, therefore, the ebb phase offshore is enhanced two times, whereas in the 

second case the surge covers only one high tide peak, enhancing the ebb phase only once 

(Figures 22 a and 22 b), but as the number of tidal cycles increases or the amplitude of the tidal 

signal decreases, the amplification of this effect is reduced. This reduced differences between 

deposition produced by surges occurring at high tide and surges occurring at low tide peak has 

been observed in microtidal regimes. This is the case of most US Atlantic bays where the tidal 

range is about 20 cm - e.g., Virginia Bay (Castagno et al., 2018). The results of this study show 

that, overall, storm surges contribute to make the salt marsh and estuarine system more 

resilient, in agreement with other studies (Turner et al., 2006; Walters and Kirwan, 2016; 

Castagno et al., 2018). 

4.7.2 Sea-level 

An increase in sea-level causes ebb dominance near the coastline and enhanced flood 

dominance offshore (Figures 29 and 30). The increase in water level caused by sea-level rise 

is responsible for an increase in the tidal prism (i.e., volume of the water flowing into the 

estuary) which in turn causes an increase in the velocity of the incoming tide across the mouth 
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of the estuary (Sinha et al., 1997; Liu et al., 2020; Zhang et al., 2020); this can explain the 

enhanced flood dominance offshore. Several estuaries around the world have shown a similar 

behaviour. For example, this phenomenon has been found to be responsible for a decrease in 

ebb dominance in the whole estuarine system and consequent rejuvenation of the Tairua 

Estuary, New Zealand (Liu et al., 2020). 

However, in the nearshore, the estuary becomes more ebb dominated as sea-level rises (Figures 

29 and 30). The Irish Sea, where the Ribble Estuary is located, is influenced by a phenomenon 

of resonance, and it has been shown that an increase in sea-level can produce changes in 

resonance properties that are negligible in deep water but can be observed in shallow water 

(Pugh, 1987). Several studies have been conducted on the effect of sea-level rise on tidal 

constituents in the European Shelf, including the Irish Sea, and they showed that a rise in sea-

level affects the resonance of the basin causing an increase in the M2 component (Pickering et 

al., 2012; Idier et al., 2017). This could be responsible for the ebb dominance that characterises 

the inner estuary and the tidal flat areas. Other estuaries on the European Shelf have been found 

to behave in the same way e.g., the Bristol Channel in UK and the Gulf of St. Malo in France 

(Pickering et al., 2012; Idier et al., 2017). 

This study showed that sea-level rise might threaten the stability of the salt marsh, in agreement 

with the results of previous studies (FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al., 

2017). Nevertheless, the data presented here show that storms have a general tendency to 

increase marsh resilience to sea-level rise by counteracting the decrease in sediment budget 

caused by sea-level rise (Figure 25). This is particularly true for storms with the highest 

intensity (>3 m surges), in agreement with Schuerch et al. (2013). In terms of relative 

contribution, Figure 25 shows that, on the marsh platform, storm surges of 48 hours occurring 

at spring tide can cause up to 65% reduction in sediment loss driven by sea-level rise; in the 

restricted domain this reduction can reach 7%. Trends in Figure 23 suggest that an increase in 
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duration could amplify this reduction, while Figure S6 shows that a decrease in tidal range 

could minimize it. Wang et al. (2020) found that a similar level of contribution is provided by 

storms to the resilience of deltas experiencing erosion driven by high river discharge; here they 

help reduce the sediment loss induced by riverine flows by over 50%. It is, however, significant 

to highlight that storm surges with height up to 2 m have substantially lower return period 

(between 2 and 100 years), while surges >3 m are much less frequent (between 100 years and 

1000 years return period) (see Table S3). This suggests that the effects related to the surges of 

height up to 2 m have greater probability to be detected in reality, while the effects of >3 m 

surges are rarer to observe. 

4.7.3 Vegetation effect 

The addition of vegetation does not significantly modify the trends of deposition caused by the 

storm surges and the increase in sea-level. However, it causes minor changes in the deposit of 

different storm surge scenarios (Figure 23). Vegetation enhances sediment deposition through 

particle capture by plant stems and enhanced particle settling caused by a reduction in turbulent 

kinetic energy of the water flow through the plant canopy (Neumeier and Ciavola, 2004; Mudd 

et al., 2010). However, it also affects sediment deposition indirectly by channelizing water and 

increasing flood velocity within tidal creeks and off-site, favouring excavation (Temmermann 

et al., 2005). 

In the spring tide scenarios, for the no surge scenario and for surges up to 1 m, when vegetation 

is present, the water level is not high enough to overflow the tidal creeks since the vegetation 

on the marsh platform acts as a barrier (Figure S9); this enhances the velocities of the incoming 

tide, causing excavation and preventing deposition, hence, there is lower deposition on the 

marsh platform compared to the hypothetical non-vegetated scenarios (Figure 23 b, d, f). Along 

the edge of the marsh, where the water is not constrained (Figure S9), the frictional effect of 
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the vegetation causes a decrease in velocity (Figure 31), favouring particle settling on the 

periphery of the marsh, hence, the higher deposition in the restricted domain compared to the 

non-vegetated scenarios (Figure 23 a, c, e). During higher surges, the water level is high enough 

to overflow the tidal creeks despite vegetation (Figure S9), therefore the vegetation present on 

the marsh platform enhances particle settling, as showed by the dominance of the lower 

velocities (Figure 31), leading to sediment deposition being higher in vegetated scenarios 

(Figure 23 b, d, f). Outside the tidal flat areas, the higher velocities dominate (Figure 31). The 

frictional effect of the vegetation might not be effective on the high-water depths on the edge 

of the marsh (Beudin et al., 2017), whereas the off-site water channelization might dominate, 

causing excavation. Therefore, leading to less deposition in the restricted domain compared to 

the non-vegetated scenarios (Figure 23 a, c, e). The neap tide scenarios show similar trends 

(Figure S6), but the inversion does not occur at all or it only occurs for surges >3 m. During 

neap tide, the water level is lower during flood phase, when the marsh is inundated, therefore 

the channelling effect caused by vegetation on the marsh platform persists for higher surges. 

In the rest of the domain, where water is not channelised, the water level remains low enough 

to allow particle settling on the periphery of the marsh, even for greater surges. 

With a rise in sea-level, there is no difference in the sediment budget between the vegetated 

and the hypothetical non-vegetated scenario. Sea-level rise produces an increase in water depth 

(Figure 22 c). This increase leads to a rise in water level in the tidal creeks and along the edge 

of the marsh, during flood phase, which produces water depth profiles similar to the ones 

observed for surges up to 1 m (Figure S9). However, since storm surges trigger a net import of 

sediment, the quantity of suspended sediment in the system during these events is high enough 

to allow vegetation to contribute towards accretion/erosion of the different areas of the marsh 

platform. Conversely, sea-level rise is responsible for sediment export, therefore with sea-level 

higher than present day the quantity of suspended sediment in the system is never high enough 
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to allow a contribution by vegetation that can be easily observed in the trends (Chapters 1 and 

3). 

Overall, when an interaction between the tidal channels and the marsh platform is considered 

(Temmerman et al., 2005; D'Alpaos et al., 2007; Kirwan and Murray, 2007), vegetation does 

not seem to significantly affect the trends, and this agrees with the observations of Li et al. 

(2018). 

4.7.4 Further considerations 

The period used for this study is January 2008. However, it is worthwhile to consider that the 

ultimate sediment budget can change slightly depending on the period of the year considered 

and the relative river discharge. The river flow, which is in the direction of the tidal current 

during ebb phase and in its opposite direction during flood phase, causes a bottom friction 

effect and non-linearly interacts with the tide, enhancing ebb velocities and reducing flood 

velocities (Parker, 2007). During flood periods, when river discharge increases, this effect is 

enhanced, promoting more sediment export (Parker, 1984). 

The Ribble Estuary experiences moderate wave energy (Pye and Neal, 1994). However, for 

simplicity, the effects of wind waves have been neglected in this study to define the distinct 

effects of surges and sea-level. Even though several studies have shown that storm waves can 

contribute to marsh erosion (Marani et al., 2011; Fagherazzi et al., 2013; Leonardi and 

Fagherazzi, 2014; Leonardi et al., 2016; Li et al., 2019), others have also shown that wind 

waves can resuspend sediments from the seabed, which can then be transported into the 

estuarine system by tidal currents, contributing to deposition (Fernández-Mora et al., 2015; 

Brooks et al., 2017) and potentially supporting marsh maintenance. The effect of wind waves 

in the scenarios analysed above will be investigated in further studies. 
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Finally, it must be considered that in this manuscript the effects of sea-level rise and storm 

surges were analysed by looking at the response of sediment fluxes to changing hydrodynamic 

forcing over a timescale of 30 days. In reality, changes in sea-level would occur within the time 

scale of decades to century during which salt marshes can undergo intrinsic morphological 

transformations. Salt marshes adapt to hydrodynamic changes, such as sea-level rise, in a 

timeframe of c.a. 10-100 years (e.g., Kirwan and Murray, 2008; D'Alpaos et al., 2011), while 

sediment delivered by storm surge events are deposited instantaneously on the marsh platform, 

allowing marshes to rapidly accrete by steps (e.g., Schuerch et al., 2018). This suggests that 

the offsetting of sea-level rise effects on the sediment budget caused by storm surges might be 

even more amplified in reality. 

4.8 Conclusions 

This study investigated the resilience of salt marshes to the combined influence of sea-level 

rise and increasing storm surge intensity on the sediment budget of a salt marsh-tidal flat 

complex using a numerical model of the Ribble Estuary, North-West England. Different storm 

surges and sea-level rise magnitudes were simulated and the influence of storm duration and 

local factors (i.e. the timing of occurrence of the surge with respect to tidal levels, tidal range 

and vegetation) on the nature and amplitude of changes in sediment budget were also 

considered. The study concluded that storm surges could contribute to salt marsh and estuarine 

resilience by causing a shift towards a more flood dominated system and by triggering a net 

import of sediment. The degree of deposition can change slightly depending on the timing of 

the surge peak for short durations (48 hours) and high tidal range, while it is reduced if the 

duration increases (72 hours and 120 hours) or the tidal range decreases. Conversely, sea-level 

rise will threaten the stability of the marsh by causing a shift towards an ebb dominated system, 

triggering a higher export of sediment. It seems that storm surges might contribute to increase 

saltmarsh resilience to sea-level rise by masking the effects of sea-level rise on the sediment 
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budget; this is particularly true for storms with highest intensities (>3 m surges). The sediment 

loss driven by sea-level rise can be reduced by up to 65% on the marsh platform and by up to 

7% in the restricted domain when surges occur at spring tide and last 48 hours, with further 

reduction when surge duration increases, but lower reduction when tidal range decreases. 

Nevertheless, since storm surges with height up to 2 m have a lower return period, the effects 

related to these surges have higher probability to be detected, while surges >3 m occur less 

frequently, meaning that their effects are rarer to observe. The addition of vegetation caused 

no variations to the trends produced by the sea-level analysis and only minimal variations to 

the trends produced by surge height analysis; the latter is due to the ability of vegetation canopy 

to modify flow velocity. 
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Chapter 5 

Storm sediment contribution to salt marsh accretion and expansion 
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5.1 Preface 

Chapter 4 showed that storm surges might contribute to increase salt marsh resilience to sea-

level rise by masking the effects of sea-level rise on marsh sediment budget. However, although 

a sediment budget study is useful to understand marsh response, it is also necessary to 

understand the transport pathways of storm delivered sediments to fully evaluate how salt 

marshes respond to storm sediment input and to what extent storms enhance marsh resilience. 

This chapter uses field measurements and sediment analyses conducted at high spatial 

resolution to understand how storms influence the sediment supply to different marsh areas and 

whether storms can deliver new material onto the salt marsh platform which would otherwise 

not be sourced in fair-weather conditions. Chapter 4 neglected the effects of wind waves to 

focus on the distinct effects of surges and sea-level on the sediment transport dynamics and 

ultimately on the marsh sediment budget. However, although several studies have shown that 

storm waves can contribute to marsh erosion, others have also shown that storm waves can 

contribute to sediment supply to marsh. Hence, to clarify the respective contributions of storm 

surges and storm waves in storm sediment supply to the salt marsh, this chapter considers both 

hydrodynamic parameters. 

5.2 Abstract 

Salt marshes are ecosystems with significant economic and environmental value. However, the 

accelerating rate of sea-level rise is a significant threat to these ecosystems. Storms 

significantly contribute to the sediment budget of salt marshes, playing a critical role in salt 

marsh survival to sea-level rise. There are, however, uncertainties on the extent to which storms 

contribute sediments to different areas of marsh platforms (e.g., outer marsh vs marsh interior) 

and on the sediment sources that storms draw on (e.g., offshore vs nearshore). This study uses 

field analyses from an eight-month field campaign in the Ribble Estuary, North-West England, 
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to understand storms' influence on the sediment supply to different marsh areas and whether 

storms can deliver new material onto the salt marsh platform which would otherwise not be 

sourced in fair-weather conditions. Field data from sediment traps indicate that storm activity 

caused an increase in inorganic sediment supply to the whole salt marsh platform, especially 

benefitting the marsh interior. Geochemistry and particle size distribution analysis indicate that 

the majority of the sediment supplied to the salt marsh platform during the stormy periods was 

generated by an increase in erosion and resuspension of mudflat and tidal creek sediments, 

while only a minimal contribution was given by the sediments transported from outside the 

intertidal system. This suggests that, in the long term, storms will promote salt marsh vertical 

accretion but might simultaneously reduce the overall larger-scale sediment availability with 

implications for the marsh lateral retreat. 

5.3 Introduction 

Salt marshes are environments of significant value, as they provide numerous ecosystem 

services (Zedler and Kercher, 2005; Barbier et al., 2011). Salt marshes are also effective nature-

based solutions for coastal protection against flooding and erosion (Temmerman et al., 2013), 

as they can buffer storm waves and stabilise sediments (e.g., Möller et al. 1999; Feagin et al., 

2009). However, increasing rates of salt marsh loss have been recorded worldwide (e.g., 

Bakker et al., 1993; Environment Agency, 2011), despite the global effort in creating new 

vegetated intertidal areas and/or restoring wetlands previously reclaimed for anthropogenic 

purposes (Temmerman et al., 2013). Understanding the geomorphic processes that promote 

salt marsh resilience is, therefore, necessary for the effective management of these ecosystems. 

Salt marshes form when the input of sediments from rivers and the sea to estuarine 

accommodation space allows tidal flats to reach a threshold elevation relative to sea level that 

permits vegetation growth (Morris et al., 2002). Encroachment and survival of salt marshes are 
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possible if vertical accretion and lateral expansion of the salt marsh can keep pace with sea-

level rise (Mariotti and Carr, 2014; Ma et al., 2014; Mitchell et al., 2017). Increasing rates of 

sea-level rise can lead to marsh drowning and lateral retreat, as sea-level rise creates new 

accommodation space, increasing the amount of sediment input required to guarantee marsh 

stability (FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al., 2017; Fagherazzi et al., 

2020; Leonardi et al., 2018), and promotes near-shore ebb dominance, enhancing sediment 

export from the intertidal system (Carrasco et al., 2018; Zhang et al., 2020; Chapter 4). Vertical 

accretion and lateral expansion are determined by sediment supply and organogenic production 

(Kirwan et al., 2010, 2016; Donatelli et al., 2020). However, the ongoing decrease in sediment 

supply to the coastlines, caused seawards by river dredging and damming and landwards by 

the enhanced sediment export, is currently exacerbating the vulnerability of salt marshes to 

increasing sea levels (Donatelli et al., 2018; Ganju et al., 2017). 

Field and numerical investigations have shown that storms play a significant role in salt marsh 

accretion, as overwash by storm surges delivers a considerable amount of sediment to marsh 

platforms supporting marsh growth (Turner et al., 2006; Castagno et al., 2018; Tognin et al., 

2021). Further studies have shown that the contribution of storm sedimentation to the salt marsh 

sediment budget allows salt marshes to keep pace with sea-level rise and is therefore critical 

for marsh survival (Schuerch et al., 2013; Chapter 4). Despite the numerous studies that have 

investigated the roles of storm surges in salt marsh resilience, there are still uncertainties on 

the degree to which storms enhance the accretion of salt marsh platforms – i.e., to what extent 

storm sediment supply benefits different areas of marsh platforms (e.g., outer marsh vs marsh 

interior) and what are the sediment sources that storms draw on (e.g., offshore vs nearshore). 

Sediment supply to the marsh platform depends on the hydroperiod (duration and frequency of 

tidal inundation), which decreases with distance from the water sources (i.e., sea and tidal 

creeks) (Reed, 1990). Therefore, while the outer marsh experiences marine sediment inputs 
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regularly, the inner marsh areas only experience marine sediment inputs when they are 

inundated by high spring tides and/or storm surges (Roberts and Plater, 2005). Determining 

how storm sediment supply affects different areas of the marsh platform is, therefore, crucial 

for understanding to what extent salt marsh vertical accretion can benefit from storm activity. 

Nonetheless, vertical accretion must be compensated by lateral expansion to avoid the collapse 

of the platform edge (Mariotti and Fagherazzi, 2013; Fagherazzi et al., 2013). Marine sediments 

delivered to marsh platforms, however, originate mostly from the erosion of the adjacent 

intertidal areas, thus promoting vertical accretion but enhancing the lateral retreat of the salt 

marsh (Roner et al., 2021). Hence, understanding if storms can deliver to the marsh platform 

sediments from outside the intertidal system allows for determining whether these sediments 

can also benefit marsh lateral expansion. 

This study uses field analyses conducted during the 2021-2022 storm season in the Ribble 

Estuary, North-West England, to understand: i) how storm activity affects sediment supply to 

different areas of the marsh platform; and ii) whether storm sediment supply has a different 

origin than sediment delivered to the marsh platform in fair-weather conditions. The Ribble 

Estuary was chosen as a case study due to its ecological and economic value (Tovey et al., 

2009) and because of the critical role that storm deposits have on the survival of its salt marshes 

and intertidal flats (Lyons, 1997; Chapter 4 and Appendix II). The concentration of suspended 

sediments collected from Hesketh Out Marsh after stormy and non-stormy periods was 

analysed to assess how storm activity changes the spatial variability of sediment supply across 

the marsh platform. The geochemistry and particle size distributions of the salt marsh 

sediments collected after stormy and non-stormy periods were then compared with each other 

and to the geochemistry and particle size distributions of surface sediments collected onshore, 

nearshore, and offshore to determine the sources of sediment supply in stormy and fair-weather 

conditions. 



 

112 
 

5.4 Study site 

The Ribble Estuary is located on the Lancashire coast of North-West England (Figure 33 a). It 

is a funnel-shaped, tidally dominated and macro-tidal estuary (Wakefield et al., 2011) with an 

ordinary tidal range of 8.0 m at spring tide and 4.4 m at neap tide (UKHO, 2001). It only 

experiences moderate wave energy, owing to waves generated in the Irish Sea basin 

predominantly by southerly and westerly winds (Pye and Neal, 1994). The average marsh 

platform elevation is approximately 3.5 m above mean sea level at Ordinance Datum. The 

formation of the extensive intertidal sand-silt flats and salt marshes lying along the riverbanks 

(Figure 33 b) resulted from the combination of infilling of sandy sediments from the bed of the 

Irish Sea and the deposition of silt and clay-sized sediments coming from the River Ribble (van 

der Wal et al., 2002). The accretion of the intertidal flat and salt marsh platform might have 

been further aided by the moderate wave climate characterising the estuary, which is 

insufficient to cause significant lateral erosion (van der Wal et al., 2002). The majority of the 

sediment supplied to the marsh platform is marine in provenance (Wright et al., 1971; Chapter 

3), with tidal pumping being the main process introducing sediments into the estuary (Lyons, 

1997). Sediment supplied by storm surges has a crucial role in the accretion and expansion of 

the salt marsh and tidal flats, increasing the sediment budget of the system with increasing 

storm surge intensity and duration (Chapter 4 and Appendix II). Between 2007 and 2017, a 

two-phase scheme was implemented to restore the intertidal habitat, previously reclaimed for 

agricultural purposes, to enhance the protection of coastal infrastructures against flooding 

(Tovey et al., 2009). 
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5.5 Methods 

5.5.1 Detection of storm activity 

Sediments were collected approximately every 30 days from Hesketh Out Marsh from 15th 

November 2021 to 5th July 2022, with the same frequency both during stormy and non-stormy 

periods, with the exception of the first period (15th November 2021 to 12th January 2022) as 

sediments were collected after approximately 60 days for logistics reasons. For the 

identification of storm events, water level and significant wave height records measured 

respectively at the Liverpool Gladstone Dock tide gauge station (Figure 32 a; BODC, 2021) 

and at the Liverpool Bay WaveNet Site wave buoy (Figure 32 b; Cefas, 2022) were collected 

for the period studied. BODC and Cefas perform regular checks on the performance of the 

gauges and data are routinely processed and quality controlled. The water level data has been 

adjusted to Ordinance Datum (OD) using the conversion parameters provided by the National 

Tidal and Sea Level Facility and the values flagged as unreliable by BODC were removed from 

the time series. The residual water level was calculated by subtracting the predicted tide for the 

period studied from the total water level, and the predicted tide was calculated by combining 

the tidal constituents derived from the total water level of the period studied, using the 

MATLAB package T-Tide (Pawlowicz et al., 2002). Stormy periods were identified as periods 

in which residual water level and significant wave height increased above the 95th percentile 

(Figure 32). This is a threshold commonly associated with storm activity (e.g., Matulla et al., 

2008; Lyddon et al., 2018). Only periods in which both residual water level and significant 

wave height increased above the 95th percentile were associated with storm activity. 
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Figure 32. Total water level (WL) (a), residual water level (ΔWL) (b) and significant wave 

height (Hs) (c) measured from 15th November 2021 to 5th July 2022. The red bands highlight 

periods in which both residual water level and significant wave height are higher than the 95th 

percentile (i.e., stormy periods). The water level data has been adjusted to Ordnance Datum 

(OD). 

5.5.2 Sediment supply 

There is evidence that sediment supply to salt marshes is strongly controlled by the 

concentration of suspended sediment in the source water (Temmerman et al., 2004; Willemsen 

et al., 2021). Hence, to assess how storm activity affects sediment supply over the marsh 

platform, suspended sediments were collected across Hesketh Out Marsh (Figure 33 e) during 

stormy and non-stormy periods, using sediment traps. Two transects 100 m in length were set 

up on the salt marsh with traps placed at 15 m intervals, one orthogonal to the marsh edge and 

one orthogonal to the bank of one of the biggest tidal creeks (Figure 33 f). To ensure that there 

were no significant topographic constraints on the sediment supply to the sediment traps, 
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transects profiles were produced using a TOPCON HIPER II RTK GPS with ~ 10 mm + 1 ppm 

horizontal accuracy and ~ 15 mm + 1 ppm vertical accuracy. The overall transects elevation 

has been adjusted to Ordnance Datum (OD) using the LiDAR-derived Digital Elevation Model 

(DEM) relative to the RTK base-station position as the reference point (Figure 33 g). The traps 

consisted of 50 mL plastic tubes which were placed at ground level and at 30 cm from the 

ground to capture the SSC vertical profile and to compare the trends at different levels to ensure 

internal consistency (Figure 33 h). Multiple stormy and non-stormy periods were assessed to 

further ensure consistency between trends relative to periods with similar hydrodynamic 

conditions (Figures 34 and S12). The samples were centrifuged to remove excess water and 

freeze-dried to remove any moisture before being weighed. 

The availability of suspended sediment in the water column is controlled by current velocities 

and wave energy, responsible for sediment resuspension and transport (Rose and Thorne, 2001; 

Zhang et al., 2019). Storms cause an increase in water level and wave height, enhancing current 

velocities and wave energy (Bertin et al., 2017), thus increasing the availability of suspended 

sediment within the system (Duvall et al., 2019). As the storm period increases, the availability 

of suspended sediment also increases (Chapter 4 and Appendix II). Hence, to assess how storms 

control the sediment delivery to different areas of the marsh platform, a regression analysis was 

performed between the suspended sediment concentration measured across both transects over 

stormy and non-stormy periods and the hydrodynamic variables estimated for the same periods 

– i.e., mean residual water level and significant wave height above the 95th percentile 

(representative of storm intensity) and total period during which residual water level and 

significant wave height are above the 95th percentile (representative of the total period of 

storminess). To facilitate comparison between all stormy and non-stormy periods, the total 

suspended sediment concentration measured at the end of each period was normalized to daily 

rates and the total storm period was measured in days per month with one month being defined 



 

116 
 

as 30 days. The regression analysis was then used to calculate coefficients of determination 

(R2) to investigate how the control of each hydrodynamic parameter on the SSC varies spatially 

across the marsh platform. 

5.5.3 Sediment composition and provenance 

Chapter 3 showed that the inorganic sediment input to Hesketh Out Marsh is predominantly 

marine in provenance, while the riverine influence is minimal. As the marine provenance of 

the inorganic sediments was ascertained, to assess the spatial extent of marine sediment supply 

to the marsh platform during stormy and fair-weather conditions, the geochemical composition 

of the sediments collected from the salt marsh after stormy and non-stormy periods and the 

geochemical composition of the sediments collected from potential marine sources were 

determined using X-Ray Fluorescence (XRF) analysis and compared. Geochemistry is, indeed, 

widely used as a proxy to reconstruct the composition of marshland sediments (e.g., Kolditz et 

al., 2012; Hazermoshar et al., 2016). 

As the estuary is infilled with marine sediments, the nearshore and offshore areas of the estuary 

are expected to be similar in sediment composition; thus, geochemical analysis is insufficient 

to discern which marine source the inorganic sediments are transported from. Particle size 

distributions (PSDs) analysis, on the other hand, can detect differential modes of sediment 

deposition, indicative of different levels of energy, that characterise the salt marsh in different 

hydrodynamic conditions, and can be used to speculate on the distance travelled by sediments 

before deposition (Rahman and Plater, 2014; Chapter 6). Fine-skewed to near-symmetrical 

distributions characterised by well-sorted, sand-sized sediment are typical of traction load 

delivered by the fast tidal flow velocities (i.e., during the flood phase) and are found in 

substrates with low elevation and high energy levels (e.g., sandflats). Near-symmetrical 

distributions characterised by fine to very fine, poorly sorted silts are typical of the suspension 
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load that settles during the turn of the tide (i.e., during the ebb phase) and are found in substrates 

with high elevation and low energy levels (e.g., salt marsh platforms). Mudflats, which are 

transitional environments, typically have a mixed distribution. As salt marshes are low energy 

environments, the suspension load that dominates their PSDs is mostly eroded and transported 

by tidal currents and waves from adjacent mudflats and tidal creeks (Zhang et al., 2019; Roner 

et al., 2021). If storm flooding significantly enhances the energy levels over the marsh platform, 

the PSD of the salt marsh sediments are expected to change and resemble the PSD of the 

mudflat sediments, as higher energy levels allow sediment supply to the marsh platform 

through infilling as well as settling. A significant increase in energy levels would further imply 

that sediments can be transported over longer distances, thus suggesting that storms could 

transport significant amount of sediments from further marine sources (i.e., sandflat, sand 

dunes and offshore region) in addition to eroding the adjacent mudflat areas and tidal creeks 

(Cahoon et al., 1995). On the contrary, if storm flooding does not cause a significant increase 

in the energy level over the marsh platform, it would be unlikely that sediments are be 

transported from sources further than the adjacent mudflat and tidal creeks, and the PSD of the 

sediments supplied to the salt marsh by storms are expected be similar to the PSD of the 

sediments supplied in fair-weather conditions. 

To show how PSDs can detect differential modes of sediment deposition, PSD analysis was 

first performed on the sediments collected from the potential onshore, nearshore and offshore 

sources, to characterise the landward change in energy levels. The same analysis was then 

performed on the sediments collected from the salt marsh platform during stormy and non-

stormy periods to assess any change in energy levels caused by storm activity and relative 

change in sediment transport pathways. To characterise the onshore sediments, three samples 

were collected from the coastal aeolian dunes near Southport (Figure 33 c). To characterise the 

nearshore sediments, a set of nine samples (three per location) were collected from the mudflat 
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and tidal creek adjacent to the marsh platform (Figure 33 f), and the sandflat at the south of the 

Ribble Estuary (Figure 33 d). The offshore sediments were characterised by analysing three 

sediment cores collected at 2 km spacing across the Irish Sea ~ 20 km offshore in 28-30 m 

water depths (Pearce et al., 2011); only the top 1 m of the cores (originally 6 m long) was 

subsampled (at 0.1 m intervals, resulting in 30 samples in total), with these depths 

characterising the more mobile surface sediments of the eastern Irish Sea (Figure 33 b). 

5.5.3.1 Sediment composition 

The geochemical composition of the sediments collected from Hesketh Out Marsh and 

potential marine sediment sources was measured by X-Ray fluorescence (XRF) using a 

XEPOS 3 Energy-dispersive XRF. All samples were hand ground, pressed and then measured 

under a He atmosphere under combined Pd and Co excitation radiation and using a high 

resolution, low spectral interference silicon drift detector. The XEPOS 3 undergoes daily 

standardisation procedure and has accuracies verified routinely using 18 certified reference 

materials (Boyle et al., 2015). Light elements were corrected for organic content, using loss-

on-ignition (LOI) values measured by heating the samples at 105°C overnight to evaporate all 

moisture content and then igniting them in a furnace at 450°C for 4.5 hours to combust all 

organic matter (Boyle, 2000). 

Principal component analysis was performed using PAST3 (Hammer, 2019) to explore the 

geochemical compositions of the samples and to assess any association between the salt marsh 

sediments and the potential marine sources. The parameters selected for this PCA were: coarse 

mineral (Si (mg/g), Zr (µg/g)) and shell content (Ca (mg/g), Sr (µg/g)) indicators, salt water 

(Na (mg/g)) and organic content (LOI (%), S (mg/g), Br (µg/g)) indicators, fine mineral 

indicators (K (mg/g), Al (mg/g), Ti (µg/g), Rb (µg/g), Nb (µg/g)), post-depositional diagenesis 

indicators (Fe (mg/g), Mn (µg/g)), pollutants (Mg (mg/g), P (mg/g), As (µg/g), Pb (µg/g), Zn 
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(µg/g), Ni (µg/g), Cu (µg/g), V (µg/g), Cr (µg/g), Ga (µg/g), Ge (µg/g), Ba (µg/g), I (µg/g)) 

and the rare elements (Y (µg/g), La (µg/g), Ce (µg/g)) (Boyle, 2000; Plater, 2000). 

5.5.3.2 Particle size distribution analysis 

Particle size distributions (PSDs) were measured for the sediments collected at the marsh edge 

and from the potential sources using a Coulter LS 13 320 Single-Wavelength Laser Diffraction 

Particle Size Analyser that determines the dimensions of individual particles 0.375-2000 μm. 

Only the sediments trapped at marsh edge at ground level were used for the PSD analysis, as 

they are the most likely to show a mixed distribution if any infilling has occurred (Rahman and 

Plater, 2014). Subsamples were digested in 6% concentrated H2O2 (50 ml of H2O2 per 10 ml of 

sample) to remove any organic component, with the samples then dispersed and sonicated in 

Na6O18P6 and analysed under sonicating measurement conditions. The resulting PSDs are the 

average of three repeats after the elimination of outliers. The Coulter LS 13 320 undergoes 

regular calibration checks using samples with known size distributions. End-member 

modelling analysis (EMMA) was conducted using the EMMAgeo R package to statistically 

derive the dominant modes in the PSDs of the marsh and potential marine source sediments 

(Dietze et al., 2012). The maximum number of end-members that the model could detect was 

set as seven, as identified by Clarke et al. (2013) and Clarke et al. (2014). Particle size 

categories with several zero values were combined to enable an end-member analysis of the 

entire data set. A robustness test was performed to check on each end-member (Figure S11 a). 

The model showed that 85% of the variance in the PSDs could be explained by two PSD end-

members (Figure S11 b). The loading of the end-members explaining most of the variance was 

plotted to characterise the dominant modes in the PSDs of the marsh edge and potential marine 

source sediments. The end-members scores relative to the salt marsh and potential sources were 

then plotted to observe any similarities between the modes characterising the salt marsh 
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sediments during stormy and non-stormy periods and the modes characterising the potential 

marine sources. 

 

Figure 33. Location of the Ribble Estuary (a); location of Hesketh Out Marsh (HOM), the Irish 

Sea coring sites (VC153, VC154, VC152), and the sand dunes and sandflat sampling sites (© 

Google Earth Pro, 2022)  (b); high-resolution view of the sand dunes (c) and sandflat (d) 
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sampling sites (© Google Earth Pro, 2022); high-resolution view of Hesketh Out Marsh and 

location of the study site (© Google Earth Pro, 2022)  (e); high-resolution view of the mudflat 

and creek sampling sites and transects location (© Google Earth Pro, 2022)  (f); transects 

profiles and location of the sediment traps (g); panoramic of the starting points of the transects 

HOM-1 (marsh edge) and HOM-2 (creek bank) obtained with a FARO 3D laser scanner Focus 

X330 and photos displaying the locations of the sediment traps along each transect (see Figure 

S10 in Appendix III for zoomed-in photos) (h). 

5.6 Results 

5.6.1 Sediment supply 

Both at ground level and at 30 cm from the ground, suspended sediment concentration (SSC) 

decayed non-linearly with distance from the marsh edge and the creek bank, similarly during 

stormy and fair-weather periods, but was overall higher across both transects during stormy 

periods (Figures 34 and S12). 

Close to the marsh edge, SSC reached up to 0.2 g/day at ground level and up to 0.04 g/day at 

30 cm from the ground in fair-weather conditions, while it reached up to 0.7 g/day at ground 

level and up to 0.2 g/day at 30 cm from the ground in stormy conditions (Figure 35 c, d). Close 

to the creek bank and at 30 m from the marsh edge and creek bank, SSC was consistently lower 

than 0.01 g/day in fair-weather conditions, both at ground level and at 30 cm from the ground, 

while it reached up to 0.07 g/day at ground level and up to 0.04 g/day at 30 cm from the ground 

in stormy conditions (Figure 35 e, d). Thus, in stormy periods, SSC at the marsh edge increased 

by up to 250% at ground level and by up to 400% at 30 cm from the ground; in the marsh 

interior, however, it increased up to 600% at ground level and up to 300% at 30 cm from the 

ground. Hence, in relative terms, the increase in SSC caused by storm activity was more 

significant for the interior of the marsh than it was for the marsh edge. 
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Figure 34. SSC (g/day) profile with distance from the marsh edge (a) and the creek bank (b), 

at ground level and at 30 cm from the ground, relative to a stormy and a non-stormy period 

(see Figure S12 in Appendix III for the profiles relative to the other periods studied). 
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Figure 35. Mean residual water level (ΔWL) (m) and significant wave height (Hs) (m) above 

the 95th percentile (a); total period (T) during which residual water level (ΔWL) and significant 

wave height (Hs) are above the 95th percentile (b); SSC (g/day) at ground level, at the marsh 

edge and at 30 m from the marsh edge (c); SSC (g/day) at 30 cm from the ground, at the marsh 

edge and at 30 m from the marsh edge (d); SSC (g/day) at ground level, at the creek bank and 

at 30 m from the creek bank (e); SSC (g/day) at 30 cm from the ground, at the creek bank and 

at 30 m from the creek bank (f); for each period studied between 15th November 2021 and 5th 

July 2022. The cloud symbols indicate the periods characterised by storm activity. 
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The increase in SSC during stormy periods corresponds to an increase in the residual water 

level and significant wave height, both of which consistently increased above the 95th 

percentile; the mean residual water level above the 95th percentile ranged between 0.35 m and 

0.53 m, while the significant wave height above the 95th percentile ranged between 2.8 m and 

3.2 m (Figure 35 a, b). Overall, across both transects, SSC shows a positive correlation with all 

three hydrodynamic variables, increasing with an increase in storm intensity (i.e., mean 

residual water level and significant wave height above the 95th percentile) and storm duration 

(i.e., total period during which residual water level and significant wave height are above the 

95th percentile), similarly at ground level and at 30 cm from the ground (Figure 36). The control 

of the hydrodynamic variables on the SSC, however, is not uniform across the salt marsh 

platform (Figure 37). Results show that variations in water level and wave height cause the 

greatest changes in SSC at the marsh edge, while their influence decreases with distance from 

marsh edge and creek bank. Nevertheless, wave height has a stronger control on SSC compared 

to water level. Storm duration, on the other hand, is more influential over the marsh interior 

and has, overall, the strongest control on the total sediment availability above the marsh 

platform.
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Figure 36. Linear regression analysis performed between SSC (g/day), mean residual water 

level (ΔWL) (m) and significant wave height (Hs) (m) above the 95th percentile, and the total 

period (T) during which residual water level (ΔWL) and significant wave height (Hs) are above 

the 95th percentile (days/month); at ground level at the marsh edge and at 30 m from the marsh 

edge (a, e, i), at 30 cm from the ground at the marsh edge and at 30 m from the marsh edge (b, 

f, j), at ground level at the creek bank and at 30 m from the creek bank (c, g, k), and at 30 cm 

from the ground at the creek bank and at 30 m from the creek bank (d, h, l). 

 

Figure 37. Coefficients of determination (R2) relative to the linear regression analysis 

performed between SSC (g/day), mean residual water level (ΔWL) (m) and significant wave 

height (Hs) (m) above the 95th percentile, and the total period (T) during which residual water 

level (ΔWL) and significant wave height (Hs) are above the 95th percentile (days/month); at 

ground level at the marsh edge and at 30 m from the marsh edge, at 30 cm from the ground at 

the marsh edge and at 30 m from the marsh edge, at ground level at the creek bank and at 30 

m from the creek bank, and at 30 cm from the ground at the creek bank and at 30 m from the 

creek bank. 
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5.6.2 Sediment composition and provenance 

The first two components of the PCA performed on the XRF measurements of the sediments 

collected from Hesketh Out Marsh, the Irish Sea floor, Southport sand dunes, and the intertidal 

areas summarise 76% of the variance in the data, respectively 43% and 33% (Figure 38). 

Component 2 separates samples rich in shells (Ca and Sr) and silt-sand sized minerals (Si and 

Zr) from those rich in organic content (LOI, S and Br). Component 1 separates samples rich in 

organic content from those rich in minerals and pollutants. The marsh sediments collected after 

stormy periods are mostly characterised by shells and silt-sand sized minerals, with some 

contribution from finer minerals, and have similar composition to some of the marine samples. 

The sediments collected after non-stormy periods are mostly characterised by organic content 

with minimal contribution from finer minerals, with the exception of the sediments collected 

at the edge of the marsh platform, which are richer in shells and silt-sand sized minerals and 

have stronger association with the stormy sediments and some of the marine samples. 

 

 



 

128 
 

 

Figure 38. Principal component analysis between samples collected from Hesketh Out Marsh, 

sand dunes and sandflat, mudflat and creek adjacent to the salt marsh, and the Irish Sea cores. 

Component 1 and component 2 summarise 76% of the variance in the data, respectively 43% 

and 33%. The figure shows the parameters used by each component to separate the samples 

and the clusters formed by the samples that correlate with each other. The red circles highlight 

the samples collected at the marsh edge. 

The EMMA analysis (Figure 39) shows two dominant end-members characterising the PSDs 

variance: EM1 is characterised by a mixed near-symmetrical to fine-skewed distribution of silt 

to fine sand with a secondary near-symmetrical mode dominantly clay to silt and EM2 is 

characterised by a fine-skewed to near-symmetrical distribution of fine to coarse sand. The 

Irish Sea, sand dunes and sandflat sediments have PSDs dominated by EM2, with only minimal 

contribution (up to 30%) from EM1. Progressing landwards, however, the EM1 mode becomes 

dominant, characterising between 40% and 100% of the mudflat and creek PSDs. The samples 

collected from the salt marsh edge after the stormy periods do not differ statistically from the 

samples collected after non-stormy periods; their PSDs are both dominated by the EM1 mode. 
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Figure 39. PSDs of sediments from Irish Sea (a), sand dunes and sandflat (b), mudflat and 

creek (c) and Hesketh Out Marsh (d); end-member loading for EM1 (e) and EM2 (f); end-

member scores for salt marsh and potential sediment sources (g). 

5.7 Discussion 

5.7.1 Sediment supply 

Suspended sediment concentration decreased with distance from the marsh edge and the creek 

bank, similarly during stormy and fair-weather periods (Figures 34 and S12). This non-linear 

decrease resembles trends already showed for other sites by modelling (Zhang et al., 2019; Zhu 

and Wiberg, 2022) and field (Temmerman et al., 2003; Duvall et al., 2019) studies. Sediments 

are transported over the marsh platform by flood currents and waves, which are dependent of 

water depth. Close to the water sources (i.e., at the marsh edge and creek bank), where water 

depths are higher, flood currents and waves are stronger due to lower friction and deliver higher 

concentrations of sediments. With increasing distance from the water sources (i.e., in the marsh 

interior), water depth decreases and so does the strength of the flood currents and waves; thus, 

decreasing the sediment supply to the areas of the marsh further from the water sources 

(Temmerman et al., 2003; Duvall et al., 2019; Zhang et al., 2019). 



 

130 
 

Sediment supply over the marsh platform, however, was overall higher across both transects 

during stormy periods (Figures 34 and S12). Storms cause an increase in both water level and 

wave height (Figure 35 a; Bertin et al., 2017). When a storm causes an increase in water level 

(i.e., positive surge), the water depth increases and enhances the propagation speed of the tidal 

wave, leading to an increase in the speed of the flood currents (Bertin et al., 2017). 

Simultaneously, storms also cause an increase in wave height, which is responsible for an 

increase in wave energy (Bertin et al., 2017). This increase in current velocities and wave 

energy contributes to higher bottom shear stress resulting in higher sediment resuspension and 

enhance sediment transport within the system (Mariotti et al., 2010; Carniello et al., 2010), also 

affecting areas of the inner marsh platform which are not flooded in fair-weather conditions 

(Kirwan and Murray, 2007; D'Alpaos et al., 2007). As showed by the regression analysis 

(Figure 36), this resulted in a positive correlation between SSC and the hydrodynamic 

parameters, with SSC increasing with increasing storm intensity (i.e., mean residual water level 

and significant wave height above the 95th percentile) and storm duration (i.e., period during 

which mean residual water level and significant wave height are above the 95th percentile). The 

uneven influence of the hydrodynamic parameters on the spatial distribution of sediment 

supply across the salt marsh platform observed in Figure 37 is due partially to the increase of 

vegetation and topographic constraints with increasing distance from marsh edge (Neumeier 

and Ciavola, 2004; Mudd et al., 2010; Yang et al., 2012) and partially to the differential 

increase in settling time over different marsh areas (Temmerman et al., 2003; Duvall et al., 

2019; Zhang et al., 2019). Water level and wave height cause the greatest changes at the marsh 

edge, while their influence decreases with distance from marsh edge and creek bank. While 

above the outer marsh an increase in water level and wave height directly corresponds to an 

increase in tidal current velocities and wave energy, with increasing distance from marsh edge 

and creek bank, the increased friction caused by vegetation and topographic variations buffers 
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tidal currents and waves, hence inhibiting their influence above the inner marsh areas 

(Neumeier and Ciavola, 2004; Mudd et al., 2010; Yang et al., 2012). Wave height, however, 

seems to have a stronger control on sediment supply than water level, in agreement with results 

from other field (Duvall et al., 2019) and modelling (Zhu and Wiberg, 2022) studies. Duvall et 

al. (2019) observed that water level is responsible for the regulation of the marsh inundation, 

which influences sediment delivery, while waves are responsible for most of the sediment 

resuspension on the tidal flat, which controls sediment availability; hence, waves are ultimately 

responsible for the amount of sediments that can be transported from the mudflat to the salt 

marsh platform. Storm duration, on the other hand, is more influential over the marsh interior 

and has, overall, the strongest control on the total sediment availability above the marsh 

platform. Although an increase in storm duration is responsible for longer inundation of the 

marsh platform and consequent higher overall sediment supply (Chapter 4 and Appendix II), 

close to the marsh edge, where water depths are already high, the increase in settling time 

caused by increased water levels is higher than in the marsh interior (Temmerman et al., 2003; 

Duvall et al., 2019; Zhang et al., 2019); hence, an increase in storm duration has lower control 

on the sediment deposition closer to the water sources. The higher settling time (due to 

increased water depth) at the marsh edge compared to the marsh interior is also responsible for 

the lower rates of change in sediment supply that characterise the outer marsh, as observed in 

Figure 35. Indeed, although sediment supply was overall higher at the marsh edge than it was 

in the marsh interior, the increase in sediment supply at ground level during stormy periods 

was more significant for the inner marsh (up to 600%) than it was for the marsh edge (up to 

400%). This differential increase in settling time was also detected by the SSC vertical profile. 

At the marsh edge, the storm-driven increase in SSC at ground level was lower than the increase 

at 30 cm from the ground; however, over the marsh interior, the increase at ground level was 

higher than the increase at 30 cm from the ground (Figure 35). 
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Overall, results showed that storm activity causes an increase in sediment supply to the whole 

salt marsh platform, and that this increase is especially significant for the marsh interior. 

5.7.2 Sediment composition and provenance 

The PCA analysis (Figure 38) suggests that, in fair-weather conditions, inorganic sediments 

transported from marine sources only reach the outer portion of the marsh platform up to 30 m 

from the marsh edge; most of the sedimentation beyond that point is caused by in-situ 

organogenic processes (Boyle, 2000; Plater, 2000), as those areas of the marsh are not regularly 

flooded (Kirwan and Murray, 2007; D'Alpaos et al., 2007). During storm events, on the other 

hand, as water level and wave height increase (Bertin et al., 2017) and further inland portions 

of the salt marsh experience flooding (Kirwan and Murray, 2007; D'Alpaos et al., 2007), marine 

sediments reach both outer and inner marsh areas covering, in the majority of the cases, the 

whole extent of the transects (Boyle, 2000; Plater, 2000). Similar trends have been observed in 

other sites (Stumpf et al., 1983; Marani et al., 2013; Morris et al., 2016; Tognin et al., 2021). 

The EMMA analysis (Figure 39) shows, as expected (Rahman and Plater, 2014; Chapter 6), 

that the particle size distributions (PSDs) of the sediments collected from the Irish Sea basin, 

sand dunes and sandflat are dominated by the EM2 mode (fine-skewed to near-symmetrical 

distribution of fine to coarse sand typical of energetic environments where sedimentation 

occurs through infilling), with only minimal contribution from EM1, while the mudflat and 

tidal creeks have PSDs which progressively become dominated by the EM1 mode (mixed near-

symmetrical to fine-skewed distribution of silt to fine sand with a secondary near-symmetrical 

mode dominantly clay to silt typical of low energy environments where sedimentation occurs 

through settling). Interestingly, the EMMA analysis also shows that the PSDs of the sediments 

collected from the salt marsh edge after the stormy periods do not differ statistically from the 

PSDs of the sediments collected after non-stormy periods, as they are both dominated by the 
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EM1 mode. The sediment supplied to salt marshes is mostly suspension load that is transported 

by flood tides from adjacent mudflats and tidal creeks and settles on the marsh platforms during 

the turn of the tide (Rahman and Plater, 2014; Zhang et al., 2019; Roner et al., 2021; Chapter 

6). The lack of significant change in the PSDs of the salt marsh sediments between fair-weather 

and stormy periods suggests that the increase in energy levels caused by the storms was not 

high enough to change the mode of sediment deposition (Rahman and Plater, 2014); hence, 

even in stormy conditions, the majority of the sediments supplied to the salt marsh platform 

are likely to be resuspended from the tidal creeks and the mudflats adjacent to the marsh (Zhang 

et al., 2019; Roner et al., 2021). It is indeed reasonable that, since sediment availability is 

strongly dependent on resuspension (Figure 37; Duvall et al., 2019), the majority of the 

sediments are transported from shallow areas, where waves and currents can generate shear 

stresses (Mariotti et al., 2010; Carniello et al., 2010). This interpretation also agrees with the 

trends observed in Chapter 4, which modelled the effects of increasing storm intensity on the 

sediment budget of the Ribble Estuary. The model showed that even the most intense storms 

(surges up to 4 m) would increase the sediment budget of the salt marsh platform by up to 67% 

but would only contribute to an increase in the sediment budget of the inner estuary by up to 

7%. Such a difference in rates suggests that, although a minimal contribution from further 

sources is probable, the majority of the sediments transported by storms onto the salt marsh 

platform must come from within the inner estuary, thus confirming our interpretation of the 

PSDs results. 

5.7.3 Implications 

With the ongoing decrease in sediment supply to the coastlines (Darby et al., 2020; Tamura et 

al., 2020; Wei et al., 2020), the contribution of storm sedimentation to the salt marsh sediment 

budget is thought to be critical for marsh survival to sea-level rise (Schuerch et al., 2013; 
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Chapter 4). Salt marsh resilience to sea-level rise depends on their ability to accrete vertically 

and expand laterally (Mariotti and Carr, 2014; Ma et al., 2014; Mitchell et al., 2017). While 

vertical accretion prevents salt marshes from drowning, lateral expansion is crucial to avoid 

collapse of the platform edge (Mariotti and Fagherazzi, 2013; Fagherazzi et al., 2013). 

Results showed that storm activity causes an overall increase in sediment supply to the salt 

marsh platform, and that this increase is especially significant for the marsh interior. This 

suggests that storms are especially beneficial to the vertical accretion of the inner marsh areas, 

which rarely experience minerogenic supply (Stumpf et al., 1983; Marani et al., 2013; Morris 

et al., 2016; Tognin et al., 2021). Nonetheless, results also showed that the majority of the 

sediment supplied to the salt marsh platform by storms is likely generated by an increase in 

erosion and resuspension of mudflat and tidal creek sediments (Zhang et al., 2019; Roner et 

al., 2021), while only a minimal contribution is given by sediment transported from outside the 

system (Cahoon et al., 1995). This suggests that, in the long-term, storms will promote salt 

marsh vertical accretion, but might simultaneously reduce the overall larger-scale sediment 

availability with implications for the lateral retreat of the marsh platform (Roner et al., 2021). 

5.8 Conclusions 

This study aimed at understanding how storm activity affects sediment supply to different 

marsh areas and whether storm sediment supply has different origin to the marine sediment 

delivered to marsh platforms during fair-weather conditions. Suspended sediment 

concentrations were analysed across Hesketh Out Marsh, North-West England, during the 

2021-2022 storm season, during stormy and non-stormy periods to assess how storm activity 

changes the spatial variability of sediment supply across the marsh platform. Geochemical and 

particle size distribution analyses were then conducted on sediments from the salt marsh and 

potential onshore, nearshore and offshore sources of sediments to determine whether storms 
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deliver any new material onto the salt marsh platform which would not be delivered in fair-

weather conditions. Results showed that storm activity causes an increase in inorganic sediment 

supply to the whole salt marsh platform and that this increase is especially significant for the 

marsh interior. However, the majority of the sediment supplied to the salt marsh platform by 

storms is produced by an increase in erosion and resuspension of mudflat and tidal creek 

sediments, while the sediments transported from outside the intertidal system only contribute 

minimally. This suggests that, in the long-term, storms will promote salt marsh vertical 

accretion but might simultaneously reduce the overall larger-scale sediment availability with 

implications for the marsh lateral retreat. 
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Chapter 6 

Novel luminescence diagnosis of storm deposition across intertidal 

environments 
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6.1 Preface 

Chapters 4 and 5 showed how and to what extent storms contribute to salt marsh resilience. 

None of the chapters, however, have analysed the contribution of storm frequency to long-term 

marsh resilience. The choice of not investigating storm frequency is determined by the 

inconsistencies in long-term storm activity records which are necessary for validating and 

informing long-term modelling studies, as high-resolution gauge measurements are often short-

term and traditional paleoenvironmental reconstruction techniques are not able to detect all 

storm events (i.e., those which do not cause a change in stratigraphy and sediment 

composition). Therefore, this chapter aims to develop a new approach for diagnosing storm 

activity in geological records that does not rely solely upon a change in sediment composition 

and stratigraphy. Since luminescence has the potential to detect different degrees of sediment 

processing without relying on change in composition, this chapter tests whether K-feldspar 

luminescence signals can detect differential modes of deposition in intertidal settings and can 

therefore diagnose storm activity within an intertidal system. 

6.2 Abstract 

Salt marshes provide valuable nature-based, low-cost defences protecting against coastal 

flooding and erosion. Storm sedimentation can improve the resilience of salt marshes to 

accelerating rates of sea-level rise, which poses a threat to salt marsh survival worldwide. It is 

therefore important to be able to accurately detect the frequency of storm activity in longer-

term sediment records to quantify how storms contribute to salt marsh resilience. 

Luminescence is able to infer how long mineral grains were exposed to sunlight prior to burial 

(e.g., the presence or absence of sediment processing). This study used sediment cores collected 

from the Ribble Estuary, North West England, to show that luminescence properties of sand-

sized K-feldspar grains can diagnose the differential modes of deposition across intertidal 
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settings (i.e., sandflat, mudflat and salt marsh) in longer-term sediment records by detecting 

the variability in sediment bleaching potential between settings (i.e., sediment exposure to 

sunlight), thus establishing a framework for the interpretation of luminescence properties of 

intertidal sediments. It then used modern sediment samples collected before and after a storm 

event to show how such properties can diagnose changes in sediment processing (i.e., bleaching 

potential) of mudflat sediments caused by storm activity, despite no changes in sediment 

composition being recorded by geochemical and particle size distribution analyses. This new 

luminescence approach can be applied to longer-term sediment records to reveal (and date) 

changes in the environment of deposition and/or depositional dynamics where there is no 

obvious stratigraphic evidence of such. 

6.3 Introduction 

Salt marshes provide valuable nature-based, longer-term, low-cost defences protecting against 

coastal flooding and erosion (e.g., Möller et al., 1999; Temmerman et al., 2013; Leonardi et 

al., 2018). Storm sedimentation can improve the resilience of salt marshes to accelerating rates 

of sea-level rise and decreasing sediment discharges of rivers (Mariotti and Fagherazzi, 2010; 

Schuerch et al., 2013; Yang et al., 2020; Chapter 4), which pose a threat to salt marsh survival 

worldwide (e.g., Bakker et al., 1993; Environment Agency, 2011). Understanding the processes 

and longer-term frequency of storms that promote salt marsh resilience to sea-level rise is, 

therefore, a fundamental goal to ensure effective management of coastlines in the future (e.g., 

McCloskey and Liu, 2012; Walters and Kirwan, 2016; Bianchette et al., 2022). Salt marsh 

platforms do not record storm deposits uniformly, due to spatial constraints on sediment 

deposition caused by vegetation and topographic features characteristic of salt marsh surfaces. 

Tidal flats, conversely, represent a good archive for storm activity as there are fewer 

topographic and no vegetation constraints on sediment deposition. However, many storms 

process sediment locally rather than providing fresh input to the intertidal area (Grant et al., 
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1997; Wesselman et al., 2017; Brooks et al., 2017), causing no change in the tidal flat sediment 

composition (e.g., in particle size distribution or geochemistry); thus, existing techniques are 

not always able to detect storm activity in longer sediment records (Cundy et al., 1997). Solving 

this challenge requires a new approach to diagnosing storm activity in the geological record 

that does not rely upon a change in sediment composition. 

The luminescence properties of mineral grains have been successfully used as a diagnostic tool 

of sediment dynamics (Gray et al., 2019), and deployed thus far as a sediment tracer to identify 

sediment sources and transport pathways in both coastal and fluvial settings (Sawakuchi et al., 

2011, 2012, 2018; Ahmed et al., 2014; Haddadchi et al., 2016; Gray et al. 2017, 2018). 

Luminescence is based upon the principle that, when minerals (e.g., K-feldspars) are stimulated 

by light, heat or pressure, electrons that were stored in the crystal lattice are released, i.e. the 

luminescence signal is reset (or bleached) (see reviews by Smedley, 2018 and Murray et al., 

2021). When subsequently buried, the minerals are exposed for a period of time to natural 

radiation (termed environmental dose-rate), which re-traps electrons within the crystal lattice 

and restores a luminescence signal (measured in the laboratory as equivalent dose, or De). In 

environments where sediments were exposed to sufficient duration and intensity of sunlight 

prior to burial, the luminescence signals of all of the grains are reset (i.e., well bleached) prior 

to burial. Where sunlight exposure prior to burial was insufficient, the luminescence signals 

reset partially (i.e., partially bleached). By determining De values from each sample, it is 

possible to determine how well bleached the mineral grains were before they were buried, and 

thus infer the nature of the bleaching environment (e.g., the presence or absence of sediment 

processing). The infra-red stimulated luminescence (IRSL) signals of K-feldspar have the 

potential to be used as a diagnostic tool of sediment dynamics due to the relative differences in 

bleaching rates of the multiple-elevated temperature (MET) post-infra-red infra-red stimulated 

luminescence (post-IR IRSL) signals measured at 50°C (termed IR50), 150°C (termed pIRIR150) 
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and 225°C (termed pIRIR225) (e.g., Reimann et al., 2015; Chamberlain et al., 2017; Gray et al., 

2017, 2018). 

The aim of this study is to assess whether the luminescence properties of K-feldspars can be 

used to infer changes in sedimentation modes that have occurred in an intertidal setting. The 

Ribble Estuary, North West England, is used as a case study due to its ecological and economic 

value, and because storm surge deposits here are significant for the resilience of this salt marsh 

to sea-level rise (Lyons, 1997; Chapter 4 and Appendix II). First, we test whether changes in 

sedimentation modes characteristic of the different intertidal settings (sandflat, mudflat and salt 

marsh) can be detected by the luminescence properties using a well-constrained, long-term, 

multi-proxy evolutionary analysis of the marsh platform (Chapter 3). Secondly, we use modern 

analogues collected before and after a storm event to assess whether luminescence can diagnose 

the greater opportunity for sunlight exposure (i.e., bleaching potential) caused by sediment 

processing from a storm event, which could be used to detect the storm activity preserved in 

sediment records that would otherwise go undetected using existing techniques. 

6.4 Study site 

The Ribble Estuary is a funnel-shaped, hypertidal estuary located in North West England 

(Figure 40 a), with an ordinary tidal range of 8.0 m at spring tide and 4.4 m at neap tide (UKHO, 

2001). The marsh platform reaches 3 km at its widest and stands between ~ + 3.2 m OD and ~ 

+ 4.7 m OD, while the intertidal flat reaches 2 km at its widest and stands between ~ + 2 m OD 

and ~ + 3 m OD. The extensive intertidal sand-silt flats and the salt marsh at the south of the 

estuary (Figure 40 b) resulted from the combination of infilling of sandy sediments from the 

bed of the Irish Sea and deposition of the silt and clay-size sediments coming from the River 

Ribble (van der Wal et al., 2002), with the majority of the sediment supply being marine in 

provenance (Wright et al., 1971; Chapter 3). The bed of the central Irish Sea is characterised 
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by waves of mobile sediments that move up to 70 m per year (Van Landeghem et al., 2012), 

which can only be sustained because of the large sediment volumes deposited by ice retreating 

northwards up the Irish Sea during the last deglaciation (Van Landeghem and Chiverrell, 2020; 

Scourse et al., 2021). Tidal pumping, especially during high storm surges, is the main process 

introducing sediments into the estuary, increasing the sediment budget of the salt marsh with 

increasing storm surge intensity and duration (Lyons, 1997; Chapter 4 and Appendix II). The 

moderate wave climate of the Ribble Estuary (Pye and Neal, 1994), that is insufficient to cause 

significant lateral erosion, is thought to have favoured the accretion of the marsh platform (van 

der Wal et al., 2002). Glacial Isostatic Adjustment models show a long-term decrease in the 

rate of relative sea-level rise in North West England for the past 2000 years (Tooley, 1974; 

Shennan et al., 2018). However, sea-level reconstructions and historical tidal gauge records 

show that, for the past ca. 240 years, the rate of sea-level rise has been increasing again (from 

ca. 0.39 mm yr-1 to ca. 2 mm yr-1), thus causing an increase in the accommodation space (Plater 

et al., 1993; Woodworth et al., 1999; PSMSL, 2019). The salt marsh is covered predominantly 

by Puccinellia maritima and Spartina townsendii; the latest was planted in 1932 to aid the 

accretion of the marsh to favour land reclamation for agricultural purposes (van der Wal et al., 

2002). Hesketh Out Marsh was reclaimed in 1980 and, between 2007 and 2017, a two-phase 

scheme was implemented to restore the intertidal habitat, to enhance the protection of coastal 

infrastructures against flooding (Tovey et al., 2009). 
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6.5 Methods 

6.5.1 Sampling strategy 

To analyse the changes in bleaching potential in relation to salt marsh evolution and modes of 

deposition, Hesketh Out Marsh was cored using a percussion corer with a gouge 1 m long and 

7.5 cm in diameter (Chapter 3). Two replicate cores 3.2 m long (HOM19-1 and HOM19-2) 

were extracted from the middle salt marsh next to one another at ~ +3.5 m OD (Figure 40 c). 

The middle salt marsh location provided a stratigraphic record from the formation of the 

sandflat through to a mature salt marsh, which was characterised by an accumulation rate 

spanning from 4.61 cm yr-1 in the sandflat to 0.83 cm yr-1 in the mature marsh. Core HOM19-

1 was extracted in the sunlight and used for the analysis of the geochemical composition, 

organic content and particle size distribution. Core HOM19-2 was extracted into opaque 

sleeves to prevent sunlight contamination prior to luminescence analysis. Stratigraphic analysis 

showed that both cores contained similar stratigraphic patterns and were therefore comparable 

(Figure 40 d). 

To assess whether luminescence properties could be used to diagnose the presence or absence 

(i.e. fair-weather conditions) of storm deposition across intertidal wetlands, modern analogues 

(Figure 40 c) were collected from the mudflat (~ +3 m OD) and lower salt marsh (~ +3.2 m 

OD) approximately one month before (HOM21-1 and HOM21-2) and after (HOM22-1 and 

HOM22-2) a storm event (Storm Barra as defined by the UK Met Office and Met Éireann). 

The storm hit the coast of North West England from 7th to 8th December 2021, during the 

transition from spring to neap tide, with wind gusts between 93 and 111 km h-1 in west-to-east 

direction (UK Met Office, 2021) that generated a storm surge of 0.5-0.9 m (BODC, 2021). The 

lower salt marsh and mudflat were chosen as the most suitable sampling locations based on the 

bleaching profile provided by the IRSL analysis performed on the core HOM19-2 (Figure 41 
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f). Each sample was combined from three superficial sub-samples (0.5-1.5 cm depths below 

the surface) collected using opaque tubes (10 cm in diameter) from 50 cm apart from each other 

to capture some of the spatial variability that could characterise this setting. Previous 

observations have shown that an ~ 1 m storm surge (comparable to the 0.5-0.9 m surge of 

Storm Barra) re-worked sediment down to ~ 15 cm below the mudflat surface in an unvegetated 

surface (de Vet et al., 2020); thus, the sampled sediment at 0.5-1.5 cm depths would avoid 

contamination from surface material that would have been exposed to sunlight since deposition 

while still preserving the signature of the storm activity. 

All cores and samples are named according to the coring/sampling location (i.e., Hesketh Out 

Marsh) and year of the relative field campaign (i.e., 2019, 2021 and 2022). 

6.5.2 Characterising different depositional environments 

To characterise the geochemical composition and modes of deposition typical of each type of 

depositional environment (i.e., sandflat, mudflat or salt marsh), geochemical and particle size 

distribution (PSD) analyses were performed on core HOM19-1 in Chapter 3. Identical 

geochemical and PSD analyses were then performed on the modern analogues (both pre- and 

post- storms) in this study for comparison to core HOM19-1. A PSD model (Rahman and 

Plater, 2014) was used to infer whether sediment deposition was driven by accretion due to 

sea-level rise or infilling. Fine-skewed to near-symmetrical distributions characterised by well-

sorted, sand-sized sediment are typical of traction load delivered by the fast tidal flow velocities 

(i.e., during the flood phase) and are attributable to infilling. Near-symmetrical distributions 

characterised by fine to very fine, poorly sorted silts are typical of the suspension load that 

settles during the turn of the tide (i.e., during the ebb phase) and is attributable to gradual 

accretion. Sandflats have low elevation and are flooded during high tide and so sediment 

deposition occurs through infilling as a result of the delivery of traction load during the flood 
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phase. Salt marshes have high elevation; therefore, sediment deposition occurs as a result of 

the settling of suspension load during the turn of the tide. Mudflats are transitional 

environments characterised by a combination of the two processes. Principal component 

analysis (PCA) was performed using PAST3 (Hammer, 2019) using the correlation matrix to 

explore the geochemical compositions of the samples and to assess any association between 

the salt marsh core and the pre- and post- storm samples. The parameters selected for this PCA 

were: coarse mineral indicators (Si (mg/g), Zr (µg/g)), salt water (Na (mg/g)) and shell content 

indicators (Ca (mg/g), Sr (µg/g)), organic content indicators (LOI (%), S (mg/g), Br (µg/g)), 

silt/clay mineral indicators (K (mg/g), Al (mg/g), Ti (µg/g), Rb (µg/g), Nb (µg/g)), post-

depositional diagenesis indicators (Fe (mg/g), Mn (µg/g)), pollutants (Mg (mg/g), P (mg/g), As 

(µg/g), Pb (µg/g), Zn (µg/g), Ni (µg/g), Cu (µg/g), V (µg/g), Cr (µg/g), Ga (µg/g), Ge (µg/g), 

Ba (µg/g), I (µg/g)) and the rare elements (Y (µg/g), La (µg/g), Ce (µg/g)) (Boyle, 2000; Plater 

et al., 2000). 

To provide a robust evolutionary profile for the salt marsh platform alongside the depth profile 

of the PSDs, the PSD-derived median particle-size (D50), and the chosen geochemical 

elements (Si/Al as sand indictor, Ca/K as shell indicator, Rb as fine mineral matter indicator 

and loss-on-ignition (LOI) as organic content indicator), Chapter 3 also derived a long-term 

accretion rate of the marsh platform from core HOM19-2 using luminescence dating of quartz. 

For further details on the conduction of these analyses see Chapter 3. 

6.5.3 Luminescence properties 

Luminescence analyses were performed on sand-sized grains of K-feldspar extracted from the 

12 core samples (HOM19-2) and the four modern analogue samples (HOM21-1/2 and 

HOM22-1/2). Each of the visible changes in core stratigraphy were sampled to capture the 

changing intertidal settings. At least 50 mm of the outer portion of each core sample was 
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removed to prevent sunlight contamination. For the analysis of the modern analogues, three 

sub-samples per sample were extracted and combined for analysis, each from 0.5-1.5 cm depths 

below the surface to avoid contamination from surface material that would have been exposed 

to sunlight since deposition, but close enough to the surface to still allow the signature of storm 

activity to be recorded. The degree of bleaching of the K-feldspar grains discussed here is 

intended as the cumulative product of pre-, during and post- depositional bleaching. 

To isolate the coarse feldspar grains for equivalent dose (De) measurement, all samples were 

treated with a 10% (v/v) dilution of 37% HCl to dissolve carbonates and with a 10% (v/v) 

dilution of H2O2 to remove organic content. Dry sieving was used to extract grains 90-150 µm 

in diameter for samples HOM19-2-2 and HOM19-2-4 and 90-125 µm for the rest of the 

samples. Density separation using sodium polytungstate was performed to isolate the K-

feldspar fraction. However, no coarse-grained K-feldspar was recovered for sample HOM19-

2-1 (top of the core) and so no analyses could be performed on this sample. 

Grains were mounted as 2 mm-diameter multiple-grain aliquots on to 9.8 mm-diameter 

aluminium discs for analysis. The luminescence measurements were made using an automated 

Risø TL/OSL DA-15 reader equipped with a 90Sr/90Y source (Bøtter-Jensen et al., 2003). Infra-

red (IR) light emitting diodes (LEDs) were used to stimulate the K-feldspar grains and the 

luminescence signals were detected in blue wavelengths using 2-mm thick Schott BG39 and 

Corning 7-59 filters. A single aliquot regeneration dose (SAR) protocol was used for 

determining De values, where the IRSL signal was recorded using a multiple-elevated post-IR 

IRSL protocol at 50°C (termed the IR50), 150°C (termed the pIRIR150) and 225°C (termed the 

pIRIR225) (Wallinga et al., 2000; Thomsen et al., 2008; Li and Li, 2011). Stimulation was for 

a total of 100 s, where the initial and background signals were summed for the first 3 s and 

final 40 s, respectively. Individual aliquots were screened for reliability of De determination 

based on the following screening criteria (considering the associated uncertainties): the test 
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dose response was >3 above the background; the test dose uncertainty was <20%; the 

recycling ratio was ±20%; and recuperation was <5% of the response from the largest 

regenerative dose (7-8 Gy). Dose-recovery experiments performed on sample HOM19-2-6 

using IR50 (ratio of 0.89 ± 0.00), pIRIR150 (ratio of 0.91 ± 0.00) and pIRIR225 (0.91 ± 0.03) 

signals showed that the measurement protocol was appropriate for luminescence analysis. 

Consequently, the central age model (CAM; Galbraith et al., 1999) was calculated from De 

distributions (Figure S13, S14 and S15) determined for each sample to give an indication of 

the bleaching potential prior to burial. De is measured in Gy (J kg-1). 

 

Figure 40. Location of the Ribble Estuary (a); location of Hesketh Out Marsh (HOM) (b) (© 

Google Earth Pro, 2022); location of the cores HOM19-1 and HOM19-2 and the modern 

analogues collected before (HOM21-1 and HOM21-2) and after (HOM22-1 and HOM22-2) 

the storm event (c) (© Google Earth Pro, 2022); photographic analysis of the core HOM19-1 

and stratigraphic analysis of the cores HOM19-1 and HOM19-2 (d). 
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6.6 Results 

6.6.1 Luminescence properties of intertidal settings 

The luminescence properties reflect the extent of sediment processing characterising each 

intertidal setting before sediment deposition. Overall, the multi-proxy analysis (Figure 41; 

Chapter 3) shows that a sandflat environment dominates the lower part of the core up to 150 

cm, while a transition from sandflat to mudflat occurs between 150 cm and 70 cm, followed 

by the mudflat gradually transitioning into a fully vegetated salt marsh. This is revealed by the 

Si/Al and Ca/K concentrations (indicators of shell and sand content, respectively, Figure 41 b) 

as well as the median particle-size (D50, Figure 41 c), which are constant up to 100 cm, but 

decrease slightly up to 75 cm, before remaining constant to the top of the core. Also, the Rb 

concentrations (an indicator of fine mineral concentration) are constant up to 120 cm, but then 

decrease to the top of the core (Figure 41 b). Finally, loss on ignition (LOI) (an indicator of 

organic content concentration) is constant up to 100 cm, but then increases to the top of the 

core (Figure 41 b). Furthermore, the luminescence-derived accretion rates (from quartz; 

Chapter 3) show that up to 120 cm, the sequence experienced more rapid accretion (4.61 cm 

yr-1) than the slower accretion (0.83 cm yr-1) from 120 cm to the top of the core (Figure 41 a). 

End-member analysis of the particle size distributions (PSDs) (Chapter 3) showed that 86% of 

the variance present in core HOM19-1 could be explained by four PSD end-members (EM1, 

EM2, EM3 and EM4; Figure 41 d), each in different proportions within different samples from 

the core (Figure 41 e). These end-members represent the recurring modes detected in the PSDs: 

EM1 has a mixed near-symmetrical distribution dominated by clay to silt with a secondary 

very fine to fine sand mode; EM2 has a fine-skewed to near-symmetrical distribution 

dominantly very fine to fine sand; EM3 has a bimodal distribution with near-symmetrical clay 
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to silt mode and near-symmetrical to fine skewed very fine to fine sand mode; and EM4 has a 

fine-skewed to near-symmetrical distribution of fine to coarse sand. 

The PSD data empirically confirms that in the sandflat (300-150 cm depths) sediment 

deposition was mainly characterised by infilling of sand-sized particles through load traction 

(Figure 41 e). Here, the luminescence properties of all three luminescence signals (i.e., the De 

values) were constant (Figure 41 f), where the De density distributions (representative of the 

degree of bleaching of the mineral grains) were symmetrical (i.e., well-bleached grains) (Figure 

S13). As the sandflat progressed into a mudflat (150-70 cm depths), the sediment deposition 

was progressively dominated by more accretion through particle settling (Figure 41 e). Here, 

the luminescence properties increased (120-70 cm depths; Figure 41 f), where the De 

distributions were symmetrical for the IR50 signal but were near-symmetrical (i.e., well-

bleached grains co-existing with poorly bleached grains) for the pIRIR150 and pIRIR225 signals 

(Figure S13); thus, indicating a reduction in bleaching potential prior to burial of the sediment 

compared to the sandflat. Lastly, as the mudflat progressed into a salt marsh (70-0 cm depths), 

the sediment deposition was dominated by the settling of silt-sized particles (Figure 41 e). Here, 

the luminescence properties showed an increase first, followed by a non-linear decrease (Figure 

41 f), suggesting an initial further decrease in the bleaching potential of the sediment followed 

by an increase once again. The De distributions were near-symmetrical (for the IR50 and 

pIRIR150 signals) and symmetrical (for the pIRIR225); however, the symmetrical nature of the 

pIRIR225 may be due to the relatively smaller population for this signal.
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Figure 41. Depth profile (core HOM19-2) of OSL ages with derived accretion rates (a); depth profile (core HOM19-1) of geochemical proxies 

(Si/Al, Ca/K, Rb) and organic content (LOI) (b); depth profile (core HOM19-1) of median particle-size (D50) (c); EMMA-derived PSD profiles 

(d) and depth profile (core HOM19-1) of the PSD relative amounts (e); depth profile (core HOM19-2) of De (equivalent dose measured in Gy (J 

kg−1)) values calculated for IR50, pIRIR150 and pIRIR225 signals (f).
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6.6.2 Luminescence properties of pre- and post-storm deposits 

Figure 42 shows the first two components of the PCA performed on the geochemical properties 

of the salt marsh and mudflat samples. Component 1 and component 2 summarise 76.9% of 

the variance in the data, respectively 66.4% and 10.5%. Based on correlation, the PCA analysis 

shows that the pre- and post-storm samples form a single cluster (i.e., the geochemical 

composition of the pre-storm sediments is statistically indistinguishable from the composition 

of the post-storm sediment), and that the composition of the modern samples differs from that 

of the core largely due to the absence of historical heavy metal pollution post-depositional 

diagenesis. 

Overall, Figure 43 shows that the luminescence properties of the sediments collected post-

storm were different to those collected pre-storm, likely reflecting the greater extent of 

sediment processing that occurs during a storm and agree with the trends observed in the down-

core profile. 

For the salt marsh sample, there is a small change in the shape of the PSD profile after the 

storm surge (Figure 43 a). Before the storm, the salt marsh sample exhibits a near-symmetrical 

distribution characterised by fine to very fine silts but with a wider range than the post-storm 

sample, which exhibits fine-skewed to near-symmetrical distribution. For all three 

luminescence signals, the De values of the salt marsh sample collected before the storm and 

after the storm are all statistically indistinguishable, i.e. mean De values and relative 

uncertainties of the two samples overlap for all signals. The De density distributions for the 

pre- and post-storm salt marsh samples do not differ significantly as they are predominantly 

symmetrical to near-symmetrical in both cases (Figure S14). 

For the mudflat sample, both the pre- and post-storm PSD profiles exhibit very similar fine-

skewed to near-symmetrical distributions characterised by coarse to fine silts, with the post-
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storm PSD profile only showing slightly higher kurtosis (Figure 43 a). Interestingly, the post-

storm PSD profile for the mudflat was very similar to the salt marsh, demonstrating that the 

mudflat and salt marsh experienced the same depositional dynamics from the storm. There was 

little difference in the IR50 signal before and after the storm on the mudflat as the De value of 

the post-storm sample was slightly higher than the pre-storm sample but overlapped within 

uncertainties. In contrast, the De values of the post-storm samples were lower than the De values 

of the pre-storm samples for both the pIRIR150 and pIRIR225 signals. This suggests that 

sediments in a mudflat setting experience more bleaching from sediment processing during a 

storm surge than during fair weather conditions, which is not recorded on the lower salt marsh. 

The mudflat samples had symmetrical to near-symmetrical De density distributions in both 

cases, however, the post-storm distributions become wider in for all three signals, suggesting 

that a small proportion of grains with larger De distribution was incorporated into the sediment 

post-storm, in addition to the overall reduction in CAM De value. 
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Figure 42. PCA performed on the salt marsh and mudflat modern analogues collected before 

(HOM21-1/2) and after (HOM22-1/2) the storm and the core (HOM19-1) intervals showing 

sandflat-to-mudflat (150–70 cm depths) and mudflat-to-salt marsh (70–0 cm) transitions. 

Component 1 and component 2 summarise 76.9 % of the variance in the data, respectively 66.4 

% and 10.5 %. The figure shows the parameters used by each component to separate the 

samples. The modern mudflat and salt marsh deposits differ from their paleo counterparts due 

to lower concentrations of heavy metals. 
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Figure 43. EMMA-derived PSD profiles (a) and De (equivalent dose measured in Gy (J kg−1)) 

values relative to the IR50, pIRIR150 and pIRIR225 signals (b) for the salt marsh and mudflat 

modern analogues collected before (HOM21-1/2) and after (HOM22-1/2) the storm. 

6.7 Discussion 

6.7.1 Sediment processing in intertidal settings 

Luminescence properties were used to diagnose the changes in sediment processing 

characteristic of different intertidal settings (sandflat, mudflat, salt marsh) based on the 

bleaching potential of the feldspar grains present in intertidal sediments (Reimann et al., 2015). 

In the sandflat environment (300-120 cm; Figure 41 b, c), the luminescence properties (i.e., the 

De values calculated for the IR50, pIRIR150 and pIRIR225 signals) were constant (Figure 41 f) 

and the average accretion rate was higher than the upper sequence (4.61 cm yr-1; Figure 41 a). 

With the transition from the sandflat into a mudflat (120-70 cm depths; Figure 41 b, c), the 

average accretion rate decreased (0.83 cm yr-1; Figure 41 a) and the luminescence properties 

showed progressive increases in De values (Figure 41 f). Between 70 cm and the top of the 

core, where the well-established mudflat transitions into the fully-vegetated salt marsh (Figure 

41 b, c) (Plater et al., 2007), the average accretion rate was maintained (0.83 cm yr-1; Figure 41 
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a) and the luminescence properties showed an initial further increase followed by progressive 

decreases in De values similar to the sandflat (Figure 41 f). 

The luminescence properties showed that the bleaching potential was high in the sandflat, 

where the extent of sediment processing is large. It then decreased with the formation of a 

mudflat and transition into a vegetated salt marsh environment but increased again with the 

transition into a mature marsh, where sediments are directly exposed to sunlight for long 

periods of time. These changes in the bleaching potential of the sediments were also reflected 

in the De density distributions (Figure S13), which were representative of the degree of 

bleaching of the mineral grains. The De distributions for all three signals for the sandflat were 

symmetrical, indicating well-bleached grains. The De distribution for the IR50 signal for the 

mudflat was symmetrical but bimodal, and near-symmetrical for the pIRIR150 and pIRIR225 

signals, suggesting poorer bleaching of the grains. Finally, in the salt marsh, the De distributions 

were near-symmetrical to symmetrical again for all three signals, indicating that the grains were 

again better bleached (Wallinga, 2002a). 

PSD analysis of the core (Figure 41 d, e) shows that from 300-150 cm, the two dominant modes 

(EM4 and EM2) exhibit fine-skewed to near-symmetrical distributions characterised by well-

sorted sand-sized sediment. Sandflats have an elevation low enough to allow the platform to 

be permanently flooded and experience the fastest tidal currents (Reed, 1990); hence, sediment 

deposition occurs through infilling resulting from the delivery of traction load by the fast tidal 

flow velocities during the flood phase (Rahman and Plater, 2014). When the sandflats evolve 

into mudflats, the elevation of the platform increases, and they start experiencing slower tidal 

currents (Reed, 1990). Therefore, deposition gradually progresses from being dominated by 

infilling of sand-sized sediment to being dominated by silt-sized particles that are transported 

by the fast tidal flow velocities during the flood phase and deposited through settling during 

the turn of the tide (Rahman and Plater, 2014). This is reflected in the down-core PSDs profile, 
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which shows that at 150 cm EM4 (fine-skewed to near-symmetrical distribution of fine to 

coarse sand) is replaced by EM1 (mixed near-symmetrical distribution dominated by clay to 

silt with a secondary very fine to fine sand mode), and the mode of deposition becomes dictated 

by EM2 (fine-skewed to near-symmetrical distribution dominantly very fine to fine sand) and 

EM1, with EM1 becoming more influential towards the top of the section. 

Salt marsh platforms have higher elevation with respect to mudflats where the frequency and 

duration of inundation depend on the level of maturity of the salt marsh platform and distance 

from the marsh edge (van Proosdij et al., 2006), with mature marshes being inundated only a 

few times a year due to very high spring tides or storm surges (Roberts and Plater, 2005). 

Hence, sediment deposition occurs mainly from the settling of the suspension load during the 

turn of the tide (Rahman and Plater, 2014). This is reflected in the down-core PSDs profile, 

which shows the mode of deposition being dictated by EM3 (bimodal distribution with near-

symmetrical clay to silt mode and near-symmetrical to fine skewed very fine to fine sand mode) 

and EM1 (mixed near-symmetrical distribution dominated by clay to silt with a secondary very 

fine to fine sand mode), both characterised by a near-symmetrical clay to silt mode, 

representative of the sediment settling, and near-symmetrical to fine skewed, very fine to fine 

sand mode, representative of the infilling events. 

The bleaching potential of K-feldspar grains depends on the duration and intensity of sunlight 

exposure (Godfrey-Smith et al., 1988). In turbulent water columns, this can be affected by the 

degree of sediment processing in the water column during deposition (Wallinga, 2002b). This 

suggests that the different elevations and modes of deposition characteristic of each type of 

intertidal environment (sandflat, mudflat and salt marsh) are responsible for the different 

degrees of bleaching of the K-feldspar grains. Figure 44 shows a schematic of how the 

bleaching potential of intertidal sediments varies with the evolution of the intertidal substrate 

in proportion to the hydroperiod, the waves and tidal currents induced shear stress, and the 
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duration of sunlight exposure during the period of sub-aerial exposure. The duration and 

frequency of flooding on the intertidal platform (i.e., hydroperiod) and the sheer stress 

magnitude are higher for a sandflat with low elevation, and they decrease with the increase in 

elevation of the platform (Roberts and Plater, 2005; Zhang et al., 2019), up to a point when a 

mature marsh forms, which is inundated only a few times a year by very high spring tides or 

storm surges (Pethick, 1981). Direct exposure to sunlight during the period of sub-aerial 

exposure conversely increases with an increase in elevation of the intertidal platform as it 

reaches its maximum when the hydroperiod and shear stress are at their minimum. 

In the sandflat, where the magnitude of the hydroperiod and the shear stress is high (Zhang et 

al., 2019), the traction load deposited on the platform can be re-entrained and resuspended 

within the water column for multiple tidal cycles before being buried by new sediment. This 

continuous re-entrainment allows sediments to be exposed to sunlight for a period of time long 

enough for the luminescence signal to reset to zero, and it is recycled several times on a series 

of tides (Wallinga, 2002b). When the sandflat progresses into a mudflat and the platform 

elevation increases, the hydroperiod and shear stress decrease (Zhang et al., 2019), which 

causes less re-entrainment and resuspension of the traction load and reduces the recycling of 

sediment on each tide. Moreover, as the mudflat increases in elevation, the suspension load 

that settles during the turn of the tide progressively replaces the traction load transported by 

the flood tide. This causes less opportunity for the sediment to be re-entrained and re-suspended 

by the fast tidal currents before being buried by new sediments, leading to less sunlight 

exposure, and therefore less potential for the luminescence signal to have been well bleached 

prior to burial (Wallinga, 2002b). Turbidity caused by mud in suspension can further promote 

partial bleaching of the luminescence signals by attenuating the blue wavelengths of the 

daylight spectrum, inhibiting the bleaching of the grains (Berger, 1990). 
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As the mudflat progresses into a lower salt marsh, the influence of the hydrodynamics on the 

resetting of the luminescence signal becomes minimal, as the presence of vegetation attenuates 

the resuspension caused by waves and currents (Neumeier and Ciavola, 2004; Mudd et al., 

2010; Yang et al., 2012), and the sediments are mainly deposited during the turn of the tide, 

thus causing a further decrease in bleaching potential. Finally, on the mature salt marsh, where 

there is no inundation and sediments are continuously exposed to sunlight, grains reach their 

maximum bleaching potential (Godfrey-Smith et al., 1988). Overall, the long-term analysis 

suggests that luminescence properties can detect the different sedimentation modes balanced 

across the bleaching potential and sediment processing potential typical of each intertidal 

setting. 

 

Figure 44. Schematic of variation in bleaching potential of intertidal sediments (P) in relation 

to the evolution of the intertidal environment, hydroperiod (H), wave and tidal current induced 

shear stress (τ), and period of direct exposure to sunlight after deposition (T). 
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6.7.2 Sediment processing during storm events 

The luminescence properties of the down-core profile show that the mudflat and lower salt 

marsh are the environments with the lowest bleaching potential (Figure 41 f). Therefore, since 

storms are responsible for longer inundation and higher potential sediment resuspension 

compared to ordinary conditions (Chapter 4 and Appendix II), mudflat and lower salt marsh 

(where topography and vegetation allow deposition) sediments are expected to be the most 

likely to show an increase in bleaching during stormy conditions (Brill et al., 2018). Hence, 

they have been selected in this study as locations for the sampling of the modern analogues 

(Figure 40 c). Both mudflat and salt marsh sediments show no significant difference in the 

geochemical composition (Figure 42) and a slight variability in the gross depositional energy 

(Figure 43 a) between the pre- and post- storm samples, providing a weak inference of the 

storm event from the lower salt marsh but none from the mudflat. 

The storm occurred during spring tide and caused a surge of 0.5-0.9 m (BODC, 2021). During 

spring high tide, the water depth above the lower marsh platform at Hesketh Out Marsh can 

reach up to 3 m in fair-weather conditions and a surge of 0.5 m can cause an increase in the 

depth of the water level of 0.5 m (Appendix II). This suggests that the storm-enhanced 

inundation of the salt marsh caused an increase in the extreme water level by at least 0.5 m, 

potentially reaching up to at least 3.5 m during high tide. Furthermore, the surge peak occurred 

towards the lower end of the tide, coinciding with the rising flood tide, thus promoting the most 

optimal conditions for sediment re-entraining and recycling (Chapter 4). Despite that, the 

luminescence properties of the salt marsh sample collected before and after the storm were 

indistinguishable (Figure 43 b; Figure S14), suggesting that the storm surge did not cause any 

significant change in the bleaching potential of the lower marsh sediment. The long-term multi-

proxy analyses showed that the lower salt marsh was suitable for detecting a possible increase 

in the resetting of the luminescence signal caused by a storm surge (Brill et al., 2018), due to 
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its low natural bleaching potential. However, it must be considered that vegetation causes a 

reduction in the turbulent kinetic energy of the water flow, causing a considerable reduction in 

shear stresses produced by the combined action of waves and currents, therefore reducing the 

potential for sediment re-suspension (Neumeier and Ciavola, 2004; Mudd et al., 2010; Yang et 

al., 2012; Temmerman et al., 2022). This might have prevented sediment re-entrainment and 

recycling during the inundation of the lower marsh and inhibited the bleaching of the grains. 

For the mudflat, there was a difference between the sediments collected before and after the 

storm surge for the higher temperature signals (pIRIR150 and pIRIR225 signals), but not for the 

IR50 signal (Figure 43 b). The IR50 signal bleaching rate is on the order of seconds to minutes 

(Godfrey-Smith et al. 1988), while the pIRIR150 and pIRIR225 signals can take up to hours to 

completely reset according to laboratory measurements (e.g., Smedley et al. 2015; Colarossi et 

al. 2015). This suggests that the IR50 signal is likely to reset completely even if sediments do 

not spend a long period in suspension within the water column (Brill et al., 2018), whereas the 

pIRIR150 and pIRIR225 signals are more likely to show partial resetting if sediments are not 

exposed to sunlight for a sufficient duration of time (Reimann et al., 2015). As such, the IR50 

signal is likely to reset in both ordinary and stormy conditions, while the pIRIR150 and pIRIR225 

signals are likely to bleach faster in stormy conditions when sediments are resuspended in the 

water column for longer or transported for longer distances. The pIRIR150 and pIRIR225 signals 

are therefore likely to be more reliable in diagnosing changes in the bleaching potential of the 

grains with respect to the IR50 signal. The change in bleaching potential characterising the 

mudflat after the storm event is also evident in the De density distributions of single aliquots 

(Figure S14), which shows a widening of the distributions for all three signals. The overall 

reduction in De values suggests that autochthonous sediments could have bleached better in 

stormy conditions because the longer inundation maintained them in re-suspension longer than 

in fair-weather conditions, or that allochthonous well-bleached sediments were transported 
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onto the mudflat platform while they were maintained in suspension within the water column 

(Brill et al., 2018). The small proportion of grains with larger De density distributions could 

have come from sediments unlikely to have been exposed to sunlight where the enhanced mud 

re-suspension caused by the storm is likely to have enhanced turbidity, potentially preventing 

the exposure to sunlight (i.e. bleaching) of those grains (Berger, 1990). Regardless of the 

provenance and/or composition of the well-bleached sediment (i.e., autochthonous, or 

allochthonous), the De distributions are able to detect the increase in bleaching rate caused by 

the storm. 

Overall, the modern analogues have shown that the samples collected after the storm event on 

the mudflat were characterised by no significant change in sediment composition, but the post-

storm sediments exhibited higher bleaching potential than the pre-storm samples, which 

suggests a greater extent of sediment processing; thus, luminescence could be used to diagnose 

the storm deposition on the mudflat where the sediment composition could not. In contrast, 

there was no difference in the bleaching potential pre- and post-storm on the lower salt marsh. 

6.7.3 Implications 

There is evidence that increasing rates of sea-level rise can threaten salt marsh survival 

(FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al., 2017; Fagherazzi et al., 2020), while 

storm-sedimentation can support salt marsh resilience to sea-level rise (Mariotti and 

Fagherazzi, 2010; Schuerch et al., 2013; Chapter 4). To provide effective management of these 

natural coastal defences and ecosystems, it is essential to quantify the contribution of sea level 

and storm activity to long-term marsh accretion and survival (Walters and Kirwan, 2016) and 

to derive long-term records of storm frequency that can contextualise the changes observed by 

recent climate change (McCloskey and Liu, 2012; Bianchette et al., 2022). Traditional 

techniques used to detect sedimentary records of storm activity (i.e., geochemical and particle 
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size analysis) in mudflat settings cannot detect storm-driven changes in hydrodynamics when 

no change in sediment composition has occurred, as recorded during Storm Barra. Therefore, 

longer-term sediment grain size and geochemical composition records cannot readily provide 

accurate records of the frequency of storm activity. The new luminescence approach shown 

here can reveal (and date) changes in the extent of sediment processing (e.g., storm activity) 

where there is no obvious stratigraphic evidence of such that could be revealed by the existing 

techniques (e.g., the sediment composition). Applying this luminescence approach, and 

associated dating, to established sedimentary archives of coastal change in estuary and deltaic 

depositional contexts (e.g., Yangtze Estuary, Rhine-Meuse lowlands) would therefore more 

accurately constrain the contribution and significance of storms in moderating coastal change 

over the long term, e.g. during periods of sea-level rise throughout the last interglacial and the 

Holocene. This has far-reaching consequences for projecting future coastal response to sea-

level rise and changes in storm activity by providing an improved assessment of the resilience 

of populated coastal lowlands to climate change. 

6.8 Conclusions 

To conclude, this study has shown how luminescence properties can be used to diagnose the 

differential modes of deposition across intertidal settings, and therefore the presence of storm 

activity in the longer-term sediment records where no changes in sediment composition 

occurred. The luminescence signals of K-feldspars measured at different temperatures (50, 150 

and 225 °C) reset at inherently different rates and so were used to assess the extent of sediment 

processing (i.e., the bleaching potential) in an environment during deposition. Analysis of a 

long-term, multi-proxy evolutionary model of the marsh platform showed that the 

luminescence properties of mineral grains can be used to diagnose changes in sedimentation 

modes characteristic of the different intertidal settings (sandflat, mudflat and salt marsh) by 

detecting the variability in sediment bleaching potential between settings (i.e., sediment 
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exposure to sunlight), thus establishing a framework for the interpretation of luminescence 

properties of intertidal sediments. Modern analogue samples showed that post-storm sediments 

exhibited higher bleaching potential detectable by the pIRIR150 and pIRIR225 signals (i.e., more 

sediment processing) on the mudflat prior to burial in comparison to the pre-storm samples, 

despite no significant change in sediment composition being recorded by the geochemical and 

particle size distribution analyses. This new luminescence approach is more sensitive than 

existing techniques at detecting the intertidal response to sea level and/or storms, and so can 

accurately identify periods of change that were previously undetectable in apparently 

monotonous minerogenic sequences. This offers the potential to revise established sedimentary 

archives of coastal change and determine with more accuracy the significance of storms in 

controlling coastal change over the longer-term during climate warming, e.g. the Holocene and 

the last interglacial. 
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7.1 Project summary 

Salt marsh survival largely depends on the equilibrium between sea-level variations and 

sediment availability, but the amount of sediments that can reach salt marsh platforms depend 

on sediment transport dynamics, which can be influenced by anthropogenic and climate 

forcings. With an accelerating rate of sea-level rise, changes in storm activity and increasing 

land reclamation, it is not clear whether salt marshes will be able to retain their resilience. 

Firstly, although there is evidence that embankments can affect tidal propagation, hence 

sediment transport, their impact on marine sediment supply to salt marsh platforms is still very 

poorly understood. Secondly, there are still large uncertainties on the impact that the combined 

action of future sea-level rise and increase in storm intensity will have on salt marsh resilience, 

and on the extent to which storms enhance salt marsh accretion and expansion, despite the 

individual impacts of storms and sea-level have been widely investigated. Ultimately, while 

long-term human activity and sea-level records derived from well-established proxies are 

available from around the globe to study, there are still inconsistencies in long-term storm 

activity records, as traditional paleoenvironmental techniques rely on abrupt changes in 

stratigraphy and composition for the reconstruction of extreme events, which do not always 

occur during storm activity; hence, the impact of storm frequency on salt marsh survival is still 

difficult to predict. To address these knowledge gaps, this study aimed to: 

i) better understand salt marsh resilience to changes in climate forcings and sea defences 

implementation, by 

O1. investigating the effects of embankment construction on long-term salt marsh 

accretion, 

O2. exploring estuarine and salt marsh response to the combined impact of sea-level 

rise and increased storm intensity, 
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O3. quantifying storm sediment contribution to different areas of marsh platforms and 

determining the sediment sources that storms draw on; 

ii) develop a new luminescence-based approach for the detection of storm activity across 

intertidal environments which is stratigraphy and sediment composition independent, by 

O1. testing whether luminescence signals can diagnose differential modes of deposition 

across intertidal settings, 

O2. testing whether these signals can detect storm activity across intertidal 

environments that remain undetectable with existing techniques that depend on 

sediment composition. 

The Ribble Estuary, North-West England, was used as test case due to its environmental and 

economic importance, in addition to its exposure to escalating climate hazards and extensive 

anthropogenic interventions, which make it suitable for the investigation of salt marsh response 

to climate and anthropogenic forcings. To investigate the contribution of embankment 

construction to long-term marsh accretion, Chapter 3 integrated numerical modelling and 

paleoenvironmental analysis. First, accretion rates derived using optically stimulated 

luminescence (OSL) dating were combined with a multi-proxy paleoenvironmental 

investigation on sediment cores extracted from the salt marsh, the mobile seafloor of the central 

Irish Sea and the river catchment area, to provide the first evolutionary perspective on the 

Ribble Estuary preceding any management interventions. The paleoenvironmental analyses 

were then compared to simulations conducted using the coupled hydrodynamic-

morphodynamic model Delft3D to investigate the effects of embankment construction on 

estuarine hydrodynamics and morphodynamics of the salt marsh over the period constrained 

by the OSL dating. As Chapter 3 demonstrated that sediment budgets estimated from short-

term simulations of different scenarios reproducing different bathymetric and hydrodynamic 
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conditions in time are successfully evaluate long-term salt marsh resilience, Chapter 4 then 

investigated the combined impact of projected sea-level rise and increased storm intensity on 

salt marsh resilience deriving sediment budgets from a wealth of sea-level and storm surge 

scenarios simulated using Delft3D. Chapter 5 then investigated how both storm surges and 

storm waves influence the sediment supply to different marsh areas and whether storms can 

deliver new material onto the salt marsh platform which would otherwise not be sourced in 

fair-weather conditions. Sediment supply was investigated from field measurements of 

suspended sediment concentrations above the salt marsh platform conducted at high spatial 

resolution during the 2021-2022 storm season, while sediment provenance was investigated 

using a multi-proxy analysis of the suspended sediments collected from the salt marsh, surface 

sediments collected from the adjacent mudflat and tidal creeks and the more distant sandflats 

and sand dunes, and cores collected from the Irish Sea floor. Ultimately, Chapter 6 tested the 

suitability of K-feldspar luminescence signals for diagnosing storm activity in geological 

records without relying upon a change in sediment composition and stratigraphy. It first tried 

to diagnose the differential modes of deposition across intertidal settings in longer-term 

sediment records by detecting the variability in sediment bleaching potential between settings, 

to establish a framework for the interpretation of luminescence properties of intertidal 

sediments. It then used modern sediment samples collected before and after a storm event to 

test whether such properties can diagnose changes in sediment processing of intertidal 

sediments caused by storm activity. 
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7.2 Key findings of the study 

7.2.1 Salt marsh response to anthropogenic disturbance and climate change 

Numerical simulations and paleoenvironmental analyses (Chapter 3) showed that in the Ribble 

Estuary, the construction of embankments along the estuary shorelines, which were started in 

1810, enhanced ebb dominance across the intertidal system and intensified sediment export. 

Results, however, also showed that the long-term accretion of the Ribble marshes has not been 

compromised by embankment construction because of the high rates of marine sediment 

supply, supported by the high availability of mobile sediments in the central Irish Sea legacy 

of the Irish Sea Glacier, and the 60 years of channel dredging, both of which enhanced the 

flood dominance of the tide near the tidal flat and favoured infilling. Numerical analyses 

(Chapter 4) have also showed that sea-level rise can further threaten estuary and marsh stability 

by promoting ebb dominance and triggering a net sediment export. Conversely, storm surges 

promote flood dominance and trigger sediment import, aiding marsh resilience. Results further 

showed that storm surges might contribute to increase salt marsh resilience to sea-level rise by 

masking the effects of sea-level rise on the sediment budget; this is particularly true for storms 

with the highest intensities (>3 m surges). This reduction in sediment loss, however, can reach 

up to 65% on the marsh platform but only up to 7% in the inner estuary (for 4 m surges 

occurring at spring tide and lasting 48 hours). This discrepancy is explained by the results of a 

field monitoring campaign conducted during the 2021-2022 storm season (Chapter 5). Field 

measurements of suspended sediment concentrations above the salt marsh platform showed 

that storms mostly enhanced salt marsh vertical accretion, especially benefitting the marsh 

interior. The multi-proxy analysis of the salt marsh sediments and the sediments collected from 

the potential sources, however, showed that the majority of the storm sediment supplied to the 

salt marsh platform were generated by an increase in erosion and resuspension of the adjacent 

mudflat and tidal creek sediments, suggesting that, in the long term, medium-intensity storms 
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might reduce the overall larger-scale sediment availability with implications for marsh lateral 

retreat. 

7.2.2 A new tool for detecting storm activity in intertidal environments 

The luminescence tests (Chapter 6) performed on sediment cores demonstrated that 

luminescence signals of K-feldspars (IR50, pIRIR150 and pIRIR225) can diagnose differential 

modes of deposition across intertidal settings (i.e., sandflat, mudflat and salt marsh) in longer-

term sediment records by detecting the variability in sediment bleaching potential between 

settings (i.e., sediment exposure to sunlight), thus establishing a framework for the 

interpretation of luminescence properties of intertidal sediments. The same tests run on modern 

sediment samples collected before and after a storm event further showed that the two elevated 

temperature signals (pIRIR150 and pIRIR225) can successfully detect storm activity across 

intertidal environments that remain undetectable with existing techniques that depend on 

sediment composition, as post-storm sediment samples exhibited higher bleaching potential 

(i.e., more sediment processing) on the mudflat prior to burial in comparison to the pre-storm 

samples, despite no significant change in sediment composition being recorded by the 

geochemical and particle size distribution analyses. 

7.3 Implications 

7.3.1 Research perspectives 

7.3.1.1 Understanding the true fate of coastal wetlands 

This thesis investigated salt marsh resilience to anthropogenic disturbance and climate change. 

Through the analysis of the impact of embankment construction and dredging operations on 

salt marsh sediment budget, Chapter 3 demonstrated that both hard and soft engineering 

activities can have an effect on sediment transport dynamics of intertidal systems, ultimately 
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impacting the development and encroachment of tidal flats and vegetated wetlands, although 

the influence of anthropogenic activities on marsh stability is still poorly investigated. Chapter 

4 also showed how analysing the impact of different forcings in combination (e.g., sea level 

and storms) can provide a more comprehensive perspective on the extent to which they can 

influence sediment transport dynamics within and intertidal system, hence the resilience of 

tidal flats-salt marsh complexes. Overall, the key findings of this thesis suggest that the effects 

of anthropogenic disturbance on salt marsh resilience should be more widely investigated and 

that, to truly understand the fate of coastal wetlands, all forcings (natural and anthropogenic) 

that can influence sediment dynamics should be studied in combination. Further research 

should, for instance, investigate how sea-level rise and enhanced storm activity might influence 

salt marsh response to the implementation of sea defences. 

7.3.1.2 A framework for assessing salt marsh response to anthropogenic disturbance and 

climate change 

Some of the results of this study showed how the response of intertidal systems and salt marsh 

platforms can change from case to case depending on the hydrodynamic and morphodynamic 

feedbacks characteristic of the site. For instance, Chapter 3 found that embankments enhanced 

sediment export within the Ribble Estuary; however, other studies, such as Pontee (2014) in 

the Humber Estuary (UK) and Lee et al. (2017) in Chesapeake Bay and Delaware Bay (USA), 

concluded that, by channelizing sediments, embankments can favour the delivery of sediments 

to a specific area, inducing siltation of intertidal basins. Conversely, other results from this 

study agreed with studies performed in other sites. For instance, Chapter 4 found that sea-level 

promotes ebb dominance and triggers a net sediment export, similarly to what was found by 

Carrasco et al. (2018) in Ria Formosa Lagoon (Portugal) and by Zhang et al. (2020) in Plum 

Island Sound (USA). Furthermore, Chapter 4 also found that storm surges trigger sediment 

import, comparably to what was found by Turner et al. (2006) in the Mississippi River and by 
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Castagno et al. (2018) in the Virginia Coast Reserve. Ultimately, Chapter 5 discovered spatial 

trends of sedimentation across the marsh platform similar to the trends observed by 

Temmerman et al., (2003) in the Scheldt Estuary (Belgium) and by Zhu and Wiberg (2022) in 

Hog Bay (USA). However, regardless of the trends observed, the main outcome of this study 

is that anthropogenic activities and climate forcings affect salt marsh resilience in a similar 

way, i.e. by changing the sediment dynamics of an intertidal system, as a consequence of their 

effects on tidal and wave dynamics. Henceforth, although the sensitivity of tidal flat and salt 

marsh complexes to changes in hydrodynamics depends on a variety of local features (Reed, 

1995), this study provides a framework to assess natural and anthropogenic influence on salt 

marsh resilience by outlining what are the fundamental hydro-morphodynamic feedbacks, 

common to most estuaries (e.g., Van Dongeren and de Vriend, 1994; Rose and Thorne, 2001; 

Lanzoni and Seminara, 2002; Zhang et al., 2019), that are affected by anthropogenic activities 

and climate forcings; framework which can therefore be applied to any estuary regardless of 

local variability. 

7.3.1.3 Integrating numerical and field analyses for the optimum understanding of intertidal 

sediment dynamics 

In addition to the results produced, this study also showcased that, studying intertidal sediment 

dynamics using a multidisciplinary approach, as suggested by Fagherazzi et al. (2020), can 

provide a more comprehensive understanding of the processes involved than studies that use 

only numerical or field analyses. In this study, numerical modelling was employed to simulate 

different scenarios at multiple spatial and temporal scales and provided information about 

hydrodynamic-morphodynamic feedbacks characterising the intertidal environment which 

field analyses alone would have not been able to produce in the same period of time. For 

example, it was able to simulate estuary and salt marsh response to projected sea-level rise 

(Chapter 4). On the other hand, paleoenvironmental reconstructions were useful for analysing 
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the long-term accretion dynamics of the salt marsh over a timescale which spanned over 200 

years – unreachable by current hydrodynamic models (Chapter 3), while field surveys were 

able to provide an understanding of hydrodynamic-morphodynamic feedbacks associated with 

storm dynamics at a resolution higher than what can be sustained by most models (Chapter 5). 

Finally, luminescence analyses were able to provide novel tools for informing modelled storm 

scenarios (Chapter 6). Hence, this study demonstrated that integrating numerical and field 

techniques for the study of sediment dynamics at multiple time and spatial scales is achievable 

and that it is indeed necessary for the optimum understanding of intertidal systems. 

7.3.2 Tools and knowledge for informing coastal management 

Despite the advances that still have to be made in the understanding of intertidal systems and 

coastal wetlands dynamics, the findings of this study have significant implications for current 

and future salt marsh management. Loss of salt marsh areas has been occurring at increasing 

rates worldwide in the past decades, with 1,453 km2 lost globally only over the last 20 years 

(Campbell et al., 2022). As a response to these losses, numerous projects around the world have 

been conducted to create new salt marshes and/or restore salt marshes that were previously 

reclaimed for anthropogenic activities (Temmerman et al., 2013), such as in the Ribble Estuary 

(Tovey et al., 2009) and in San Francisco Bay (Williams and Faber, 2001). Salt marsh 

restoration aims at re-establishing the natural functions of salt marshes that have been degraded 

by natural processes (e.g., sea-level rise, wave erosion) and/or human activities (Billah et al., 

2022), while the creation of new salt marsh areas involves the anthropogenic modification of 

intertidal substrates to favour the development and encroachment of salt marsh areas in 

locations which are suitable for their growth but where they have not naturally developed yet 

(Baptist et al., 2021). Restoration and development projects include a variety of interventions 

such as managed realignment, land raising above the mean water level to allow wetland plants 

to colonise or to contrast erosion processes which are degrading wetland areas, and water ways 
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diversion or creation to allow water flowing in favourable paths (Billah et al., 2022). The 

success of these interventions depends on their life-spans, which in turn depends on the long-

term response of the salt marsh to anthropogenic disturbance and climate forcings (Billah et 

al., 2022). Even unmanaged intertidal systems, however, need to be assessed in the light of 

projected sea-level rise and increases in storm intensity (Masson-Delmotte et al., 2018) and 

widespread engineering interventions (Floerl et al., 2021). Many unmanaged coastal wetlands 

might be experiencing degradation or they might experience it in the future (e.g., Tognin et al., 

2021) but, due the lack of a comprehensive assessment of all the climatic and anthropogenic 

factors influencing marsh resilience, mitigation measures are often not implemented or 

implemented too late (Campbell et al., 2022). Hence, by quantifying salt marsh resilience to 

anthropogenic disturbance and climate forcings, this study provided a more comprehensive 

framework for assessing long-term resilience of salt marshes and intertidal systems, which can 

help maximise the results of marsh creation and restoration projects as well as prevent future 

salt marsh losses. 
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Appendix I – Supplementary material to Chapter 3 

 

Figure S1. Abanico plots showing De values for the 11 OSL samples analysed, incorporating 

the results of the minimum age model (MAM). 
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n = 47 aliquots 

15HOM19-07 

OD = 86 ± 1 %  

n = 47 aliquots 

15HOM19-08 

OD = 66 ± 1 %  

n = 45 aliquots 

15HOM19-09 

OD = 87 ± 2 %  
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Figure S2. Weight limit (a) and explained variance (b) for the maximum possible number of 

end-members. 

 

Figure S3. NIRS spectra (a) and coefficients showing the best fit (b). 
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Figure S4. Average water level at ocean boundary for the 2008 scenario forced with time-

series and with tidal harmonics. 
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Figure S5. Tidal distortion (A4-2) for the scenarios without embankments (a) and with 

embankments (b). Where A4-2 increases (red arrow), the degree of the asymmetry is more 

significant. Tidal distortion (A4-2) (c), M2 amplitude (AM2, d) and M4 amplitude (AM4, e) 

difference between the scenarios with embankments and the scenarios with no embankments. 

Where A4-2 is positive there is an increase in distortion (red arrows) and the degree of the 

asymmetry change is more significant, where it is negative there is a decrease in distortion 

(blue arrows) and the degree of the asymmetry change is less significant. The continuous brown 
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lines represent the land boundary. The dashed brown lines enclose the area of the domain used 

for the sediment budget calculation of Hesketh Out Marsh (i.e., the salt marsh platform). The 

dashed red lines indicate the position of the embankments at the time of bathymetric survey. 

Table S1. Radionuclide concentrations, beta and gamma dose-rates, cosmic dose-rate, water 

content, total dose-rate and Th:U for each OSL sample. 

Sample ID Depth (m) K (%) U (ppm) Th (ppm) 
Beta dose-

rate (Gy Ka-1) 

Gamma 

dose-rate 

(Gy Ka-1) 

Cosmic 

dose-rate 

(Gy Ka-1) 

Water 

content 

(%) 

Total dose-

rate (Gy Ka-1) 

HOM19-2 0.12 ± 0.04 3.82 ± 0.38 15.13 ± 0.32 1.58 ± 0.32 1.40 ± 0.18 1.10 ± 0.07 0.18 ± 0.02 42 ± 2 2.68 ± 0.19 

HOM19-3 0.42 ± 0.04 3.85 ± 0.34 13.89 ± 0.28 1.53 ± 0.28 1.45 ± 0.17 1.12 ± 0.06 0.12 ± 0.01 41 ± 2 2.69 ± 0.18 

HOM19-4 0.68 ± 0.04 2.78 ± 0.28 11.70 ± 0.30 1.70 ± 0.30 1.34 ± 0.17 0.94 ± 0.06 0.09 ± 0.01 42 ± 2 2.37 ± 0.18 

HOM19-5 0.78 ± 0.04 2.24 ± 0.23 9.80 ± 0.24 1.33 ± 0.24 1.09 ± 0.14 0.78 ± 0.05 0.08 ± 0.01 42 ± 2 1.95 ± 0.15 

HOM19-6 0.95 ± 0.04 2.19 ± 0.22 8.45 ± 0.22 1.21 ± 0.22 1.07 ± 0.13 0.75 ± 0.05 0.07 ± 0.01 41 ± 2 1.88 ± 0.14 

HOM19-7 1.37 ± 0.04 1.64 ± 0.18 6.49 ± 0.19 0.97 ± 0.19 0.82 ± 0.11 0.57 ± 0.04 0.05 ± 0.01 34 ± 2 1.44 ± 0.12 

HOM19-8 1.61 ± 0.04 1.70 ± 0.19 5.34 ± 0.18 0.88 ± 0.18 0.76 ± 0.11 0.51 ± 0.04 0.04 ± 0.004 33 ± 2 1.31 ± 0.11 

HOM19-9 1.85 ± 0.04 1.51 ± 0.19 5.80 ± 0.20 0.97 ± 0.20 0.82 ± 0.12 0.55 ± 0.04 0.03 ± 0.003 33 ± 2 1.40 ± 0.13 

HOM19-10 2.46 ± 0.04 1.30 ± 0.17 4.46 ± 0.18 0.85 ± 0.18 0.71 ± 0.11 0.45 ± 0.04 0.02 ± 0.002 33 ± 2 1.18 ± 0.12 

HOM19-11 2.71 ± 0.04 1.12 ± 0.15 4.33 ± 0.18 0.90 ± 0.18 0.71 ± 0.11 0.44 ± 0.04 0.02 ± 0.002 33 ± 2 1.17 ± 0.11 

HOM19-12 3.02 ± 0.04 1.11 ± 0.15 4.03 ± 0.17 0.87 ± 0.18 0.71 ± 0.11 0.43 ± 0.04 0.02 ± 0.002 33 ± 2 1.16 ± 0.12 
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Table S2. Number of aliquots accepted, equivalent dose, total dose-rate and age for each OSL 

sample. 

Sample ID Depth (m) 

Aliquots 

accepted for 

De/Aliquots 

measured 

De (Gy) 
Total dose-

rate (Gy Ka-1) 
Age (ka) 

Age (years ago 

before 2019) 
Age (years AD) 

HOM19-2 0.12 ± 0.04 46/48 0.21 ± 0.02 2.68 ± 0.19 0.078 ± 0.009 78 ± 9 1941 ± 9 

HOM19-3 0.42 ± 0.04 46/48 0.18 ± 0.02 2.69 ± 0.18 0.067 ± 0.009 67 ± 9 1952 ± 9 

HOM19-4 0.68 ± 0.04 14/14 0.27 ± 0.05 2.37 ± 0.18 0.114 ± 0.23 114 ± 23 1905 ± 23 

HOM19-5 0.78 ± 0.04 47/48 0.21 ± 0.02 1.95 ± 0.15 0.108 ± 0.013 108 ± 13 1911 ± 13 

HOM19-6 0.95 ± 0.04 47/48 0.25 ± 0.02 1.88 ± 0.14 0.133 ± 0.015 133 ± 15 1886 ± 15 

HOM19-7 1.37 ± 0.04 47/48 0.38 ± 0.02 1.44 ± 0.12 0.264 ± 0.026 264 ± 26 1755 ± 26 

HOM19-8 1.61 ± 0.04 45/48 0.29 ± 0.02 1.31 ± 0.11 0.222 ± 0.025 222 ± 25 1797 ± 25 

HOM19-9 1.85 ± 0.04 46/48 0.32 ± 0.03 1.40 ± 0.13 0.229 ± 0.03 229 ± 30 1790 ± 30 

HOM19-10 2.46 ± 0.04 48/48 0.24 ± 0.02 1.18 ± 0.12 0.203 ± 0.026 203 ± 26 1816 ± 26 

HOM19-11 2.71 ± 0.04 48/48 0.23 ± 0.02 1.17 ± 0.11 0.197 ± 0.026 197 ± 26 1822 ± 26 

HOM19-12 3.02 ± 0.04 48/48 0.26 ± 0.02 1.16 ± .12 0.225 ± 0.029 225 ± 29 1794 ± 29 
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Appendix II – Supplementary material to Chapter 4 

Table S3. Exceedance probabilities (p) of storm surge heights along the UK shoreline with 

return period (RP) of 2 years, 10 years, 25 years, 50 years, 100 years and 500 years. Tidal 

level records from 1952 to 2015 have been downloaded from the British Oceanographic Data 

Centre and residuals have been fitted using a generalized extreme values distribution to obtain 

the heights in the table (Gao and Adcock, 2016). 

Station Name 

p=0.5 

(RP=2) 

p=0.1 

(RP=10) 

p=0.04 

(RP=25) 

p=0.02 

(RP=50) 

p=0.01 

(RP=100) 

p=0.002 

(RP=500) 

ABERDEEN 0.88 1.11 1.18 1.22 1.25 1.3 

AVONMOUTH 1.78 2.37 2.6 2.75 2.89 3.14 

BANGOR 1 1.27 1.33 1.36 1.39 1.42 

BARMOUTH 1.39 2.05 2.36 2.58 2.8 3.27 

BOURNEMOUTH 0.81 1.01 1.08 1.13 1.17 1.25 

CROMER 1.53 2.05 2.22 2.32 2.4 2.54 

DEVONPORT 0.78 0.93 0.98 1 1.02 1.06 

DOVER 1.23 1.55 1.68 1.76 1.84 1.99 

FELIXSTOWE 1.58 2.18 2.42 2.59 2.73 3.02 

FISHGUARD 0.81 1.06 1.18 1.26 1.35 1.54 

HARWICH 1.46 1.88 2.04 2.15 2.24 2.4 

HEYSHAM 1.74 2.28 2.45 2.54 2.62 2.74 

HINKLEY 1.51 1.95 2.12 2.23 2.33 2.51 

HOLYHEAD 0.97 1.24 1.34 1.4 1.44 1.52 

ILFRACOMBE 1.07 1.24 1.28 1.29 1.3 1.31 

ISLAY 1.07 1.35 1.45 1.52 1.58 1.68 
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JERSEY 1.07 1.31 1.39 1.44 1.48 1.54 

KINLOCHBERVIE 1.06 1.43 1.6 1.73 1.84 2.09 

.LEITH 1.06 1.35 1.42 1.46 1.5 1.54 

LERWICK 0.57 0.71 0.77 0.81 0.84 0.9 

LIVERPOOL 1.76 2.24 2.37 2.44 2.5 2.57 

LOWESTOFT 1.52 2.04 2.25 2.4 2.53 2.78 

MILFORD HAVEN 0.91 1.19 1.3 1.36 1.42 1.54 

MILLPORT 1.35 1.66 1.78 1.86 1.93 2.07 

MORAY FIRTH 0.83 1.26 1.61 1.96 2.41 4.01 

MUMBLES 1.1 1.56 1.78 1.94 2.1 2.45 

NEWLYN 0.69 0.88 0.96 1.02 1.07 1.19 

NEWHAVEN 0.87 1.05 1.12 1.16 1.2 1.27 

NEWPORT 1.74 2.29 2.58 2.79 3 3.51 

PORTPATRICK 1.11 1.44 1.54 1.59 1.63 1.69 

PORTRUSH 1.06 1.21 1.24 1.25 1.26 1.26 

PORTSMOUTH 0.84 1.08 1.23 1.34 1.47 1.79 

SHEERNESS 1.75 2.4 2.63 2.78 2.9 3.11 

ST MARY’S 0.6 0.77 0.83 0.87 0.91 0.98 

STORNOWAY 0.84 1.07 1.15 1.21 1.26 1.35 

TOBERMORY 1.21 1.45 1.5 1.52 1.53 1.54 

ULLAPOOL 0.92 1.44 1.79 2.08 2.43 3.42 

WEYMOUTH 0.78 0.94 0.99 1.03 1.05 1.1 

WHITBY 1.2 1.8 2.2 2.56 2.98 4.2 

WICK 0.8 1.01 1.09 1.14 1.18 1.25 

WORKINGTON 1.54 1.9 2.05 2.15 2.24 2.42 
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Figure S6. Sediment budget integrated across the entire area of the restricted domain (a, c, e) 

and the salt marsh (b, d, f) for each surge height, for surges occurring at high tide (HT) and 

low tide (LT) without vegetation (no v) and with vegetation (v), for surges of different durations 

occurring at neap tide; (see Figure 23 for surges occurring at spring tide); scenarios run using 

an ideal only-mud bed composition. 
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Figure S7. Difference between tidal distortion (A4-2) and asymmetry (Δθ) of 0.25 m, 0.5 m, 2 m 

and 3 m surge scenarios and the no surge scenario at current sea-level (see Figure 27 from for 

the 1 m and 4 m scenarios). When Δθ is positive there is an increase in ebb dominance with 

respect to the no surge scenario, when it is negative there is an increase in flood dominance; 

when A4-2 is positive, the degree of the asymmetry is more significant, vice versa when it is 

negative. The continuous brown lines correspond to the land boundary. The area enclosed by 

the brown dashed lines is the salt marsh. 
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Figure S8. Difference between bottom friction in all surge scenarios and the no surge scenario 

during flood phase. Calculation of bottom friction followed Parker et al. (2007). The 

continuous brown lines correspond to the land boundary. The area enclosed by the brown 

dashed lines is the salt marsh. 
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Figure S9. Water depth on the salt marsh platform during flood phase for vegetated and 

hypothetical non-vegetated scenarios for all surge scenarios. The continuous brown lines 

correspond to the land boundary. 
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Appendix III – Supplementary material to Chapter 5 

 

Figure S10. Panoramic of the starting points of the transects HOM-1 (marsh edge) and HOM-

2 (creek bank) obtained with a FARO 3D laser scanner Focus X330 and photos displaying the 

locations of the sediment traps along each transect. 
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Figure S11. Weight limit (a) and explained variance (b) for the maximum possible number of 

end-members. 
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Figure S12. SSC (g/day) profile with distance from the marsh edge (a) and the creek bank (b), 

at ground level and at 30 cm from the ground, relative to stormy and non-stormy periods (see 

Figure 34 for the profiles relative to Feb-Mar and Apr-May). 
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Appendix IV – Supplementary material to Chapter 6 

Figure S13. Abanico plots showing representative De density distributions of the single aliquots 

for IR50, pIRIR150 and pIRIR225 signals of salt marsh, mudflat and sandflat, for selected samples 

extracted from HOM19-2, incorporating the results of the central age model (CAM). 
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Figure S14. Abanico plots showing De density distributions of the single aliquots for IR50, 

pIRIR150 and pIRIR225 signals of HOM21-1 and HOM21-2 (pre-storm) and HOM22-1 and 

HOM22-2 (post-storm), incorporating the results of the central age model (CAM). 



 

230 
 

 



 

231 
 

 

Figure S15. Abanico plots showing De distributions of the single aliquots for IR50, pIRIR150 and 

pIRIR225 signals for the remaining samples extracted from HOM19-2, incorporating the results 

of the central age model (CAM). 
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Appendix V – Research outputs 

1. Ongoing research 

Pago Pago M., Li X., Pannozzo N. et al., 2023. Investigating the effect of managed realignment 

on estuary circulation with changing climate. (Role: External Advisor on the National 

Oceanography Centre directed project titled “Co-Opt - Resilient coasts: optimising co-benefit 

solutions” – numerical modelling sub-division). 

Smedley R.K., Plater A.J., Pannozzo N., 2023. OSL and IRSL signals unveil the impact of a 

tsunami event on the development of a back-barrier salt marsh (Role: Co-Investigator). 

Whitworth D., Pannozzo N., 2023. Investigating the effect of storms on salt marshes and sand 

dunes using drones (Role: External Advisor on RGS funded outreach project). 

2. Papers in review/preparation 

Pannozzo N., Leonardi N., 2023. Coastal sand dunes response to increasing storminess: 

lessons from the Sefton Coast, UK, in preparation for submission to Earth Surface Processes 

and Landforms. 

Pannozzo N., Leonardi N., 2023. Brief communication: Untangling public knowledge and 

perception on the implementation of nature-based solutions for coastal protection, submitted 

to Natural Hazards and Earth System Sciences. 

3. Published papers 

Pannozzo N., Leonardi N., Carnacina I., Smedley R. K., 2023. Storm sediment contribution to 

salt marsh accretion and expansion. Geomorphology, 430: 108670. 
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Pannozzo N., Smedley R. K., Plater A. J., Carnacina I., Leonardi N., 2023. Novel 

luminescence diagnosis of storm deposition across intertidal environments. Science of the Total 

Environment, 867: 161461. 

Pannozzo N., Smedley R. K., Chiverrell R. C., Carnacina I., Leonardi N., 2022. An integration 

of numerical modelling and paleoenvironmental analysis reveals the effects of embankment 

construction on long-term salt marsh accretion. Journal of Geophysical Research: Earth 

Surface, 127: e2021JF006524. 

Pannozzo N., Leonardi N., Carnacina I., Smedley R. K., 2021. Dataset of results from 

numerical simulations of increased storm intensity in an estuarine salt marsh system. Data in 

Brief, 38 (6): 107336. 

Pannozzo N., Leonardi N., Carnacina I., Smedley R. K., 2021. Salt marsh resilience to sea-

level rise and increased storm intensity. Geomorphology, 389 (4): 107825. 

o Nature’s Research Highlights, 2021. Nature Reviews Earth & Environment, 2 (7): 

448-448. 

 

4. Conference papers 

Pannozzo N., Leonardi N., Carnacina I., Smedley R., 2021. An investigation on salt marsh 

resilience to sea-level rise and increased storm intensity. International Conference on Coastal 

Dynamics, TU Delft (online). 

5. Conference presentations 

Pannozzo N., Leonardi N., Carnacina I., Smedley R., 2022. Numerical and field investigations 

unveil the response of salt marshes to storm sediment input. American Geophysical Union Fall 

Meeting, Chicago*. 
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Pannozzo N., Smedley R., Chiverrell R. C., Carnacina I., Leonardi N., 2022. Investigating salt 

marsh resilience to external disturbance. UK Sea Level and Coasts Meeting. University of 

Durham (Durham)*. 

Pannozzo N., Smedley R., Plater A., Carnacina I., Leonardi N., 2022. Testing the use of 

luminescence properties as tracer for differential modes of deposition and storm activity in 

intertidal settings. UK Luminescence and Electron Spin Resonance Dating Conference. Royal 

Holloway University of London (London)*. 

Pannozzo N., Smedley R., Chiverrell R. C., Carnacina I., Leonardi N., 2022. Understanding 

salt marsh resilience to changes in external disturbance. European Geoscience Union General 

Assembly, Vienna*. 

Pannozzo N., Smedley R., Carnacina I., Leonardi N., 2022. Investigating the resilience of salt 

marshes to external disturbance. Ocean Sciences Meeting, online*. 

Pannozzo N., Smedley R., Carnacina I., Leonardi N., 2021. Understanding the resilience of 

salt marshes to changes in external forcings. American Geophysical Union Fall Meeting, New 

Orleans. 

Pannozzo N., Smedley R., Plater A., Carnacina I., Leonardi N., 2021. Testing the use of 

luminescence as sediment tracer in estuarine salt marshes. International Luminescence and 

Electron Spin Resonance Dating Conference, online. 

Pannozzo N., Leonardi N., Carnacina I., Smedley R., 2021. An investigation on salt marsh 

resilience to sea-level rise and increased storm intensity. International Conference on Coastal 

Dynamics, TU Delft (online). 

Pannozzo N., Leonardi N., Carnacina I., Smedley R., 2021. Salt marsh resilience to sea-level 

rise and increased storm intensity. European Geoscience Union General Assembly, online. 
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Pannozzo N., Leonardi N., Carnacina I., Smedley R., 2021. Salt marsh resilience to sea-level 

rise and increased storm intensity. UK Young Coastal Scientists and Engineers Conference, 

online*. 

Pannozzo N., Smedley R., Chiverrell R. C., Leonardi N., 2019. Salt marshes response to 

environmental change. UK Luminescence and Electron Spin Resonance Dating Conference, 

DTU Denmark (Copenhagen). 

*This work has been presented in the form of a talk. 


