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SEDIMENT MODELLING IN ESTUARIES – APPLICATIONS FOR BATHYMETRIC EVOLUTION
DAVID PRANDLE1 and  ANDREW LANE1
1Proudman Oceanographic Laboratory

Abstract: This paper describes selected aspects of progress in the DEFRA project FD2107 (Modelling Estuarine Morphology). The primary objective is to develop models capable of indicating likely estuarine morphologies 50 years hence, thereby providing estimates of the associated changes in flood risks and habitat change under various management and Climate Change scenarios. The project incorporates new developments from EstProc (FD1905) and utilises revised morphological concepts from FD2116. A major deliverable will be a quantitative appreciation of the capabilities for predicting the evolution of estuarine morphology including effects of generalised sources of uncertainty and the specific sensitivities of particular estuaries.

Here the development and application of a Lagrangian particle tracking model to simulate sediment transport in the Mersey Estuary is described. Each of the (up to a million) particles is advected horizontally by the 3-D tidal currents. Related vertical movements are: i) downwards by settlement at a prescribed velocity ws and ii) both upwards and downwards by a distance related to the vertical eddy diffusivity. In a novel departure from traditional practice, where initial distributions of surficial sediments are specified, all particles are introduced at the seaward boundary of the model (provenance studies indicate surficial sediments are overwhelmingly of marine origin). ‘Cyclical convergence’ in suspended sediment concentrations is approximated after about a spring-neap tidal cycle. Comparisons are shown between model and observations for both spring-neap cycles of suspended sediment concentrations and net long-term deposition rates.
Sensitivity tests examine influences of: model set-up, mixed and consolidated sediments together with changes in mean sea level, river flow and marine sediment supply.

1
INTRODUCTION
Modelling Estuarine Morphology, FD2107

By 2050 Global Climate Change could significantly affect mean sea level, storminess and river flows in UK estuaries – all impacting on future flood risk probabilities. Modified flood probabilities can be readily calculated by incorporating the various GCC scenarios into (Bottom-Up, dynamical) numerical models. However, the response for any particular estuary will be further modified by concurrent morphological adjustments arising: naturally (post-Holocene adjustments), as a consequence of GCC and via past and present ‘interventions’.

The UK's ERP (Estuarine Research Programme) involves a 10 year strategy to develop the science and technologies to address these issues – see HRW Scoping Study Report of 1997. Phase 1 of this programme included a critical analysis of the limitations of B-U models alongside a review of top-down (T-D) models. The latter are generally either: i) geomorphologically based, derived from statistical analyses of observed long-term morphological evolution or ii) ‘rule-based’, derived from some whole-estuary regime concept such as volume, energetics, entropy etc. Recognising the necessity of exploiting both approaches, a priority in the present Phase 2 is the development of HYBRID models which seek to combine elements from both the B-U and T-D approaches.

FD2107 involves the development and application of Top-down, Bottom-up, Hybrid, Inverse and Analytical models. These applications embrace, to varying degrees, the past (Holocene) and present influences of: tidal, surge and wave dynamics; river flow and saline intrusion, sediment dynamics (behaviour in suspension and after deposition) and mediation via vegetation and biota. The overall objective is to provide ensemble outputs, indicating the range of likely outcomes of morphologies and attendant flood risks. Subsequent assessment against observational data sets will help translate possibilities to probabilities.

Here, for reasons of space-limitations and simplicity, we concentrate on applications to the Mersey, whereas aspects of the project extend over a wide range of UK estuaries.

Scope of Report

Given specified bathymetry and surficial sediment distribution, B-U models can accurately reproduce water levels and currents. However, the corresponding simulation of sediment transports is more problematic (involving much wider spectral scales with net fluxes generally determined by non-linear coupling and subject to biological and chemical mediation). Moreover associated ‘errors’ in evolving morphology accumulate – further amplifying ‘errors’ in transports. To illustrate the extent of such successive updates, we note that complete deposition, each tide, of a depth-mean concentration of 100 mg l−1 in 10 m water depth amounts to about 25 cm per year (and typical ‘capture rates’ are only a few percent of this). Thus longer-term (decadal) simulations with B-U models (involving bathymetry and surficial sediments significantly different from initial specifications) must encapsulate the wide-range of possible outcomes, i.e., provide an ensemble of predictions. 

Section 2 summarises the background of previous studies in the Mersey. Section 3 describes the formulation of the random-walk model. Section 4 illustrates how the model is applied and how results are analysed to indicate the sensitivity of suspended sediments and net accretion to various changes in both model set-up and forcing scenarios. Finally, section 5 outlines future plans for further developments of this modelling approach.

2
OBSERVATIONS AND MODEL STUDIES IN THE MERSEY
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The Mersey Estuary

Close to the mouth of the estuary, the Mersey Narrows (Figure 1) is approximately 1.5 km wide with a mean depth of 20 m, and tidal currents through this section can exceed 2 m s−1. This deep entrance channel, important for shipping, extends outside of the estuary and is kept in place by training walls. The inner estuary is much broader than at the mouth, and consists of mud and sandbanks with highly mobile low water channels. Freshwater flow into the Mersey Estuary, Qf, varies from 20 to 200 m3 s−1 with a mean flow ratio (Qf × 12.42 hr/volume between high and low water) of approximately 0.01. Flow ratios of less than 0.1 usually indicate well-mixed conditions, though in certain sections during part of the tidal cycle, the Mersey is only partially mixed. Historically, the Mersey has been seriously polluted by industrial discharges and adjacent sea dumping. An on-going comprehensive programme has improved water quality in the river.
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Tidal currents
Prandle et al. (1990) described earlier attempts at monitoring currents in this estuary using electromagnetic current meters mounted on a floating buoy. In a subsequent exercise (Lane et al., 1997), ADCP, electromagnetic and mech​anical current meters were mounted on low-profile frames across a section of the estuary (shown as A–B in Figure 1). Additional ADCP transects across the Narrows were made continuously over a 15-day spring-neap cycle. These towed ADCP data provided detailed 3‑D spatial patterns of current ellipse distributions for the major tidal constituents. The M2 constituent (Figure 2) predominates; it is almost rectilinear with maximum amplitude of 1.5 m s−1. The N2 constituent has approximately half the amplitude of the S2 constituent which, in turn, is about one-third of the magnitude of the M2 amplitude. The largest M2 currents occur at the surface in the centre of the channel, decreasing with distance towards the solid boundaries. A simplified model based on a theory by Prandle (1982) is able to reproduce the salient characteristics, indicating that most of the vertical and transverse variability in the tidal current distribution represents a localised response to depth variations.

Suspended sediments and net deposition
Figure 3 shows observed suspended sediment time series from locations in the Narrows recorded in 1986 and 1992, Table 1 summarises these results. In an analysis of the latter observations, Hill et al. (2003) derived a median fall velocity ws = 0.0003 m s−1. Holdaway et al. (1999) show simultaneous observations using transmissometer and acoustic back-scatter instruments during the 1992 exercise. The discrepancy between these emphasises that such measurements of suspended concentrations cannot be regarded as quantitatively exact.
A series of modelling and observational studies of the Mersey estuary (Lane et al., 1997; Lane, 2004) have provided insight into both the tidal and sediment dynamics of the system. Fine resolution (120‑metre rectangular grid) 3-D models accurately reproduce both the magnitude and cross-sectional variations in tidal current constituents (Figure 2). Here we utilise this 3-D Eulerian (fixed-grid) hydrodynamic model in conjunction with a Lagrangian, ‘random-walk’, particle model to represent sediment movements.
In the Mersey, observed net accretion by marine sediments has continued over the last century at a reasonably steady rate of approximately one million cubic metres per year, i.e., around 3% of the ebb/flood sediment exchange. Earlier studies indicated that this accretion was directly linked to the phenomenon of ‘delayed settlement’ and hence was sensitive to effective settling velocities by flocculation, etc., (Manning and Dyer, 2002). 
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3
FORMULATION OF THE RANDOM-WALK MODEL
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Model Description

Random walk particle movements are used to replicate solutions of the Eulerian advection-diffusion equation:
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where C is the suspended sediment concentration, u and v are orthogonal velocity components, ws is the fall velocity, and Kz is the vertical eddy diffusivity coefficient.

Erosion

A simple erosion source γU p is assumed, with coefficient γ. The power p, to which the tidal velocity is raised, is selected as 2 here. The potential erosion in each time step Δt is summed until it exceeds a prescribed mass, M of an individual particle. The height of release of each particle corresponds to a normal distribution where the standard deviation is l (diffusive path length – see diffusion, below). A value of γ = 0.001 kg m−2 s2 was found to produce suspended sediment concentrations comparable with those shown in Figure 3 and hence was adopted throughout (see Section 4).
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Settlement

Deposition occurs when the height of the particle above the bed calculated in a discrete advective settlement step −wsΔt is less than zero.

Diffusion 

Particles are displaced upwards or downwards randomly by a length l = √ (2 Kz Δt) (Fischer et al., 1979). Kz is approximated by f Û D where f is a bed friction coefficient and D is the water depth. Movements ‘above’ the surface are reflected downwards. Movements ‘below’ the bed are reflected elastically for up to NB ‘bounces’ (NB = 4 adopted here - see Section 4).
Numerical solution 
The model simulation extends over N time steps for each semi-diurnal tidal cycle, starting with no particles, either deposited or in suspension. All particles are introduced on the flood tide at the seaward boundary, where the condition ∂C/∂x = 0 is applied. N is chosen so that Δt = P/N, where P is the semi-diurnal tidal period, produces a random walk length l (see section on diffusion) less than 0.1D. The solution involves calculations, for successive time steps, of the height above the bed, z of each particle following: 

i) a vertical advective movement −wsΔt (downwards)

ii) a diffusive displacement l (up or down),

iii) a horizontal advection,

iv) additional new particles are released into suspension by accumulation of the erosion potential; likewise particles may be ‘lost’ by settlement following the advective movement in i).

Results from an ‘Analytical Emulator’, developed by Prandle (2004), are used to provide a theoretical framework against which these model results can be interpreted.
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4
MODEL APPLICATIONS
Illustrative examples of model simulations
Figure 4 illustrates an instantaneous distribution of particles calculated from the random-walk model, assuming unlimited supplies originating exclusively from the mouth of the estuary. Figure 5 shows time series over two spring-neap cycles (starting from initial introduction of sediments) of cross-sectionally averaged suspended sediment concentration (at successive locations landwards from the mouth). The examples chosen are for sediment fall velocities ws of 0.005 m s−1 (black lines) and 0.0005 m s−1 (grey lines) respectively.

For ws of 0.0005 m s−1, the SPM time series change from predominantly semi-diurnal (linked to advection) at the mouth to quarter-diurnal (linked to localised resuspension) further upstream. Even close to the mouth, a significant quarter-diurnal component is generated at spring tides. Peak concentrations occur some three tidal cycles after maximum spring tides close to the mouth and at up to seven cycles later further upstream. Prandle (1997) calculated this phase lag as tan−1(ω/α), where ω is the 15-day spring-neap cycle and 0.693/α is the half-life of SPM in suspension. This suggests half-lives ranging from about 1 day at the mouth to 30 days further upstream (the latter value reflecting the influence of axial gradients in concentration not considered in the original theory). The results indicate cyclical convergence over a spring-neap cycle is approached within the two cycles shown, for ws = 0.0005 m s−1.
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For ws = 0.005 m s−1, (black line), Figure 5 shows much reduced concentrations largely confined to the seaward region, although the slower ‘adjustment’ rate suggests that a longer simulation is required to introduce such coarse sediments further upstream. The time series is predominantly quarter-diurnal and peak concentrations coincide with peak tides – indicating a much shorter half-life in suspension as discussed above.
Table 2 Mersey sediment regime, sensitivity to vertical structure, mean sea level, river flow and sediment supply.

Diameter 22 μ
Mean suspended concentrations (mg l−1) at 2 km intervals

1          122     109      86       62       42      21         6          1      
0
0
0
0
0
0
0
0        0
2           80       74       61       47       35      20         9          3     
0
0
0
0
0
0
0
0
0
3          111     100      81       60       45      25        12         7        4         2

0
0
0
0
0
0         0
4          115     101      81       58       41      21          8         2
0
 10
0
0
0
0
0
0         0
5          142     127    106       79       58      32        13         5        1         1 
0
0
0 
    0         0         0         0
6          115     101     82        59       41      21          8         2        
0
 1 
0
0
0
0
0         0         0
7            65       57     45        32       22      12          4         1
0
1
0
0
0
0
0
0
0

8          115     101     81        58      41        21         8          2
0
1
0
0
0
0
0         0         0
90% suspended concentrations (mg l−1) at 2 km intervals

1         292     282     261     213     170      87       26         5
0
0
0
0
0
0        0          0         0        0
2         192     190     182     163     139      89
       40         9
         0         0         0         0         0         0         0         0        0
3         261     253     229     180     150      85        37      23       15        8         3  
0
0
0         0         0        0
4         282     272     245     193     162      89        33        7         1        4         3  
0
0
0         0         0        0
5         323     311     287     237     202    128        55      18         3        4         3          0         0         0         0         0        0
6         279     269     247     198     165      92        34        8         1        3         3          0         0         0         0         0        0
7         160     154     140     113       92      54        19        2         0        3         3          0         0         0         0         0        0
8         280     270     247     194     163      90        33        7         1        3         3          0         0         0         0         0        0
   
Neap-Spring suspended

Neap-Spring deposited

Neap-Spring exchange
   Dep/a

   %dep/exc

         Av susp

1       8621           43614               8485           59010            36058           193843       21.4              27.5                   23185
2       6606           31392               4502           40163            25607           136488       13.7              24.7                   17165
3       8573           41940               4517           38407            28722           163352       13.4              20.8                   22632
4       8758           41378               5707           42923            32907           174260       13.8              20.0                   22684
5     13032           55052               6630           62185            42690           231570       19.9              21.7                   31820
6       8667           41123               5180           42570            30930           173160       14.0              20.3                   22501
7       4968           23141                 238           12163            15493             86395         3.5              10.1                   12769
8       8633           41212               3832           43965            29745           175403       13.8              20.1                   22487
Units: 
tonnes









                 
million tonnes

Diameter 70 μ
Mean suspended concentrations (mg l−1) at 2 km intervals

1         224     184     147     104       77      48        27       14        7         4         2         1         0        0         0         0         0
2           67       60      48        37       28      18        10         5        1         0         0         0         0        0         0         0         0
3         168     141     117       83       65      43        26        13       6         3         1         1         0        0         0         0         0
4         187     154     124       85       64      41        23        11       4         1         0         0         0        0         0         0         0
5         228     197     167     125     102      72        48        31      18       12        7         4         3        1         1         0         0
6         192     159     129       89       67      43        24        12        5         1        0         0         0        0         0         0         0
7         101       84       68       46      34       22        12          5        1         0        0         0         0        0         0         0         0
8         192      159     129      89      67       43        24        12        5         1        0         0         0        0         0         0         0
90% suspended concentrations (mg l−1) at 2 km intervals

1         511     473     411     304     254     178      96       42       22       14       10         4         2         0         0        0         0
2        163      155     138     120     100       67      39       18        7          1         1         0         0         0         0        0         0
3        402      364     324     258     221     161      94       47      19          8         5         4         4         2         1        0         0
4        443      401     348     273     231     161      92       41      12          4         2         2         2         1         1        0         0
5        482      453     412     337     297     218     148      86      50        30       20        14      13         7         5        4         3
6        454      408     360     282     238     167       97      43      14          6         2          2        1         4         5        4         3
7        247      224     203     153     130      87        48      20        6          1         1          0        0         4         5        4         3
8        455      413     368     286     236     161       94      41      15          5         3          2        2         4         5        4         3
   
Neap-Spring suspended

Neap-Spring deposited

Neap-Spring exchange
   Dep/a

   %dep/exc

         Av susp

1      17509          72083               9358           66033            56435          301355        28.6              22.1                   42191
2        5379          26561               6030           29017            22003          121883        11.7              23.9                   14273
3      14346          59065               -175            20618            39997          219305         6.9                7.6                    34580
4      15061          63447               5153           34465            50120          257070        11.7              11.1                   36721
5      25750          86656               3415           31320            64037          295338        14.1              10.7                   56304
6      15979          66378               4385           35363            51403          263362        12.3              11.5                   38681
7        8069          35677              -3135            5965             22765          131730          1.1               2.2                    20174
8      15864          65005               1242           32893            45580          258468         12.7              11.9                  38138 
Units: 
tonnes









                 
million tonnes

Table 2 (contd.) Sensitivity to vertical structure, mean sea level, river flow and sediment supply.

For d = 22 and 70μ, the sensitivity to:

1) no vertical shear in currents

2) depth-varying eddy diffusivity Ez = E(−3z2 + 2z + 1), i.e., depth-mean value E at the bed,1.33 E at z = 0.33 and 0 at the surface

3) a time varying value of E, a quarter-diurnal variation in E of amplitude 0.25 E producing a peak value 1 hour after peak currents.

4) Mean residual currents, Uz = g Sx D3 / E {−0.1667z3 + 0.2687z2 − 0.0373z − 0.0293} (Prandle, 1985), where the Salinity Gradient Sx was specified over a 40 km axial length.

5) Mean Sea Level + 1 m,

6) River Flow of 2000 m3 s−1
7) erosion rate at mouth 0.5 γ, i.e., halving the rate of supply of marine sediments

8) BASE LINE simulation without any of above.

Figure 6 shows corresponding time-series of cumulative inflow and outflow of sediments across the mouth of the model. Their difference, shown below, indicates net suspension (high frequency) and net deposition (low-frequency). 
Quantitative analyses of model simulations

For more extensive quantitative evaluation of model simulations we use single neap-spring tidal cycle simulations and present results in tabular format. The variables adopted to characterise results are:

Mean and 90PERC suspended concentrations, the latter representing the value exceeded by 10% of concentrations, i.e., indicative of maximum concentration.
Suspension, Deposition and Exchange at average and (peak) Spring and Neap tides.

Exchange is calculated from inflow at the mouth.

Sensitivity to vertical structure, river flow, mean sea level and supply of sediments
Table 2 shows, for d = 22 and 70 μ, the sensitivity to:

1) no vertical shear in currents, i.e., a 2-D hydrodynamic model,
2) depth-varying eddy diffusivity Ez = E {−3z2 + 2z + 1}, i.e., depth-mean value E at the bed, 1.33 E at z = 0.33 and 0 at the surface,

3) a time varying value of E, a quarter-diurnal variation in E of amplitude 0.25 E producing a peak value 1 hour after peak currents.
4) Mean residual currents, Uz = g Sx D3 / E {−0.1667z3 + 0.2687z2 − 0.0373z − 0.0293} (Prandle, 1985), where the salinity gradient Sx was specified over a 40 km axial length.
5) Mean Sea Level + 1 m

6) River Flow of 2000 m3 s−1, (20 m3 s−1 specified elsewhere)
7) erosion rate at the mouth 0.5 γ, i.e., halving the rate of supply of marine sediments
8) BASE-LINE simulation without any of above.
The clearest results, indicating little impact on the sediment regime relative to the Base-line simulation (8), are for (4),adding salinity-related residual currents, and (6) increasing river flow from 20 to 2000 m3 s−1. It is important to note that these results are peculiar to the seaward section of the Mersey and are not applicable to estuaries in general.
The result (1), using a 2-D vertically averaged hydrodynamic model, is of particular interest. The changes in concentration involve small increases - related to use of the depth-mean velocity in the erosion formula. However, deposition rates are increased by factors of 1.5 for d = 22μ and 2.25 for d = 70 μ. This is related to the phase advance of tidal currents at the bed introduced in 3-D model. (Figure 7 indicates the sensitivity of proportional deposition to the phase advance of currents relative to elevation.) However, articulation of this requires further ‘diagnostic’ tests as indicated in Section 5.

The results (2), for depth-varying eddy diffusivity, show reductions in concentrations to factors of 0.76 for d = 22 μ and to 0.37 for d = 70 μ. Perversely, the net deposition remains little changed since the 'capture rates' respond in an inverse manner. Results (3), introducing a time-varying eddy diffusivity, shows little change for the finer sediment. However for the coarser sediment, a small change in concentration is accompanied by a halving of the deposition  rate. These differing responses can be understood from the longer half-life in suspension of the finer sediment nullifying the time variation in diffusivity.
The results (5), for an increase in msl of 1 m, will be of particular interest. While these show little change in the capture rate, the increased concentrations (following from increased tidal currents) result in net deposition increasing to factors of 1.45 and 1.1 for the finer and coarser sediments. By incorporating accompanying morphological adjustments, these factors might be slightly reduced. However, the general trend is likely to be indicative of estuarine responses and could be expected to be larger in shallower estuaries.

The latter results need qualification by (7), the effect of a halving of the sediment supply at the mouth. While sediment concentrations are reduced by a corresponding factor (50%), percentage capture rates reduce to factors of 0.5 for d = 22 μ and 0.2 for d = 70 μ . This major impact of sediment supply on capture rates emphasises that all of the above sensitivity tests (based on unlimited supply at the mouth) probably exaggerate changes. However, it also shows that where a significant increase in marine sediment supply occurs, large increases in estuarine sedimentation rates may follow. Likewise, it indicates that where dredged spoil contributes to the offshore marine supply, subsequent deposition may increase significantly.
5
SUMMARY, DISCUSSION AND WAYS FORWARD
The potential of the Lagrangian particle approach to sediment modelling in estuaries has been illustrated in relation to simulations of the character and quantities of suspended concentrations, net tidal fluxes and long term deposition. The varying nature of results with changes in; model set-up, sediment type and external forcing has been examined. The value of background theoretical frameworks to interpret these sensitivities is evident.
An attractive feature of the model is its flexibility to accommodate effects such as flocculation or consolidation and bioturbation or biological and chemical labelling. By introducing all sediments at the open boundary, both the sensitivity to changes in this supply and the rates of adjustment (i.e., subsequent distribution within the estuary) are evident – essential factors in considering likely geomorphological adjustments which might result from Global Climate Change or localised ‘interventions’. The use of, typically, 1 million random-walk particles to simulate sediment movements provides transparency in determining components of sediment erosion, transport and deposition. Thus results extend beyond the traditional focus on suspended sediment concentrations to include whole-estuary budgets of net suspension, deposition and marine exchanges.

The applications confirmed earlier conclusions from EMPHASYS (UKERP Phase 1) that an accurate fine-resolution 3-D hydrodynamic module is a necessary but not sufficient requirement for reproducing net sediment movement in estuaries. Major uncertainties remain in the prescription of sediment erosion and deposition together with the related issues of (effective) bed roughness and turbulence intensity and structure, i.e., the overall near-bed boundary layer dynamics.
In addition to these model ‘set-up’ issues, indications of the sensitivity of sediment dynamics to changes in: mean sea level, river flow, marine supply (including mixed Sources) and consolidation have been shown.

In isolation, the range of sensitivities of the model underlines the complexity and uncertainties of estimating 2050 morphologies. However by relating varying aspects of model results to both the new theoretical frameworks that have emerged from the UKERP and to results from T-D models, clearer and more valuable interpretations emerge. For example, Figure 8 (Prandle 2004), shows minimum ‘in-fill’ rates for estuaries as a function of the depth and tidal amplitude at the mouth. These assume unlimited supply of (fine) marine sediments and complete deposition each tidal cycle. From present results relating to the fraction of sediments deposited and the impacts of restricted supply, we note that the time scales of 25 to 250 years (small and shallow to large and deep) should be increased by an order of magnitude. Moreover, Prandle (2004) indicates a stable feed-back loop between net import of sediments and whole-estuary scale tidal energetics. These, and other such results, lead to the overall conclusion that the problem of morphological adjustment of UK estuaries is serious but more likely to be progressive rather than dramatic or sudden. Recognising the acute sensitivity of sediment models to bed-roughness, there has been concern that migration of new flora and fauna might lead to ‘modal shifts’ with potentially significant changes to: water levels, currents, sediment regimes and hence morphology and habitats. While the present studies do not address this issue directly, they do provide suitable tools for studying such developments The ways forward, as envisaged in the UKERP, must link developments in theory, observations and modelling over space and time scales from turbulence to the Holocene.
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Table 1 Comparison of Lagrangian model results with observations and Eulerian modela values.
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Figure 1 Residual near-bed currents in the Mersey Estuary (in cm s−1).
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Figure 2  Observed and computed M2 current amplitudes (m s−1) in the Mersey Narrows.
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Figure 3  Observed suspended sediment concentrations in the Mersey Narrows, a) at the surface, b) at mid-depth (1986), and near-bed at c) 280 m off Wirral shore and d) 290m off Liverpool shore across A�B (1992).
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Figure 4 ‘Active’ particles represent suspended sediments in the random-walk model.
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Figure 7 Proportional import/export of sediments as f(t50, θ)
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Figure 5  Suspended sediment concentrations at 12 positions upstream along the Mersey (location 1 is at the mouth) for settling velocities ws = 0.0005 m s−1 (grey lines) and ws = 0.005 m s−1 (black lines) coarser sediment.
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Figure 6 a) Cumulative inflow, outflow at the mouth of the Mersey, b) net suspension (high frequency) and deposition (low frequency).
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Figure 8 Minimum in-fill times (years) as f(D, ζ). Prandle (2004) assumes 100% deposition of unlimited marine source.
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