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3.1 Introduction

Field observations of concentrations of suspended mud in estuaries show that the pattern of mud transport is a non-linear periodic tidal phenomena with well defined quarter-diurnal, semi-diurnal and fortnightly cycles. Variations in suspended sediment concentration at any point in the estuary are a non-linear function of the tidal level. For example, the range of mud concentrations on spring tides is more than twice that on neap tides, and the concentration on the flood and ebb phases of the tide are unequal. The distribution of mud in suspension and the location of mud deposition zones in an estuary depend on the three-dimensional pattern of tide-averaged residual circulation, the availability of mud on the bed, peak shear stresses, duration of low bed stresses and the vertical turbulence generated by the tidal currents. In the most commonly used models, the movement of mud in an estuary is considered to be a repeating cycle of erosion, vertical mixing, transport in suspension, settling, deposition and resuspension. 

These types of model are satisfactory for simulating conditions in estuaries without a fluid mud layer (Odd, 1986), however, due to the highly non-linearity of the phenomena involved, it is of primordial importance that the hydrodynamic regime is corrrectly calculated. In tidal flows, the horizontal transport is mainly advective, and is induced by the propagation of the tide into the estuary, heavily depending on its geometry. Times of  high and low water will be increasingly retarded upstream the estuary and the tidal wave will distort, resulting in a flood- or ebb- dominated tidal regime. Slack water periods allow sediments to deposit, while during high current periods the bottom is eroded. The time lag between both periods and the relative strenght of the ebb/flood currents will determine in which direction horizontal transport will take place. Postma (1967) presented a qualitative model for suspended sediment transport, emphasizing up-channel retardation of the tidal velocity and resulting sedimentation. Two mechanisms were identified in the analysis : a settling lag due to finite settling velocity, and a scour lag resulting from a difference between erosion velocity and transport velocity. These two physical effects lead to fine particle sedimentation within the landward end of the estuary, as observed in nature. Referring to a tidal flat region, Postma (1967) showed a similar landward shift in fine particles due to time-velocity assymetry.

The vertical transport is forced by vertical velocity, settling velocity and vertical turbulent diffusion. The hydrodynamic model computes the vertical velocity and the turbulent diffusivity. The settling velocity depends on the gravitational forces, depending on the density of individual particles forming flocs and on the porosity of the flocs, and on the vertical shear due to settling movement. The frictional forces depend on the form of the floc and on the Reynolds number of the surrounding flow during settling. For very small bodies, the flow is laminar and the ratio between the gravitational and the frictional force is proportional to the reciprocal of the diameter of the floc. So, the settling velocity is expected to increase with floc size. Unfortunately larger flocs can have smaller density and there is no unique relation between floc size and settling velocity.

The probability of particles to aggregate into flocs depends on the probability of the particles to collide. This probability is proportional to the concentration, and also increases with the amplitude and frequency of the turbulent random movement. Aggregation is a reversible process. Flocs are fragile and, if submitted to shear, they can disaggregate Because shear increases also with turbulence intensity the latter plays a double role in the aggregation process. To form a floc, the particles must collide but, in addition, they must adhere to each other. Gluing forces depend on the type of particles (some biological particles have adhesive surfaces), and also on the ionisation of the environment. The latter is a function of the salinity, however there is no correlation relating salinity and flocculation. From field work (Wollast, 1986), there is clear evidence that an intensive flocculation occurs as soon as salinity reaches about 1‰ and is complete for values higher than 2.5‰. In the Tagus estuary, these conditions are usually met downstream from Vila Franca de Xira.

Concentration also plays a double role. It increases the probability of flocculation and so the settling velocity. Nevertheless, when the number of flocs moving downward is very large, they become so closely packed, that the fluid is forced to flow between them. In these conditions, the upward friction tends to increase and the particle velocity decreases. The concentration at which the settling velocity starts to decrease is known as the “hindering settling concentration”.

Even in well mixed estuaries there is a vertical concentration gradient of suspended sediment due to exchanges between bottom and the water column, to settling and vertical diffusive fluxes. The curvature of the flow field can create secondary flows of great importance to the suspended load transport. These secondary flows and the vertical concentration gradient justify by themselves the importance of a three-dimensional modelling approach.

3.2 The Turbidity Maximum

One of the most generalized features in estuarine environments is the turbidity maximum; in this zone, usually located at the limit of the salt intrusion and, generally, containing more sediment than the annual estuarine supply, the concentrations of suspended sediment are 10 to 100 times higher than landward or seaward. The turbidity maximum can be seen as an indication of the fine sediment transport potential in an estuary; despite the counteracting effects of flushing river currents, mixing and dilution phenomena it contains a high percentage of the available mobile fine sediment. Moreover, its importance is fundamental in the circulation of sediment within the estuary, since sediment is continuously circulated, in succesive cycles of deposition and reentrainment, through it, and in controlling its flow from the river to the sea.

The peak concentration can vary by as much as one order of magnitude, typical values being 100-200 mg/l in low tidal range estuaries and 1000-10000 mg/l in high tidal range estuaries (Dyer,1988). This variability can be measured during the tidal cycle, in spring-neap tide cycles and due to seasonal variations in river flow and is, consequently, associated with the erosion and deposition of sediment.

The turbidity maximum moves up and down the estuary during the tidal cycle, occupying its most landward position at high water and its most seaward position at low water. At slack water the low velocities allow deposition to occur and the dimensions of the turbidity maximum decay. The transition from spring to neap tides also affects the turbidity maximum, since decreasing peak currents and increasing slack durations allow increasing sedimentation and decrease of the maximum. During spring tides the turbidity maximum is at its most landward position. The transition from neap to spring tides will cause the opposite effect, however, some of the sediment settled during the neap tides will have consolidated and will not be resuspended, thus causing net shoaling.

3.3 The Transport Equation

The cohesive sediment transport is governed by a 3D advection-diffusion equation where the vertical advection includes the particle settling velocity. The equation is derived by considering a differential control volume and equating the time rate of sediment accumulation inside the volume to the net flux of sediment through its boundaries. This approach is a consequence of the assumption that, despite the continuous process os floc formation and destruction within the control volume, the overall sediment size distribution remains constant and no production or decay terms need to be added to the equation and suspended sediment can be assumed to behave conservatively. The equation is then
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where C is the suspended sediment concentration (mass of sediment / volume of suspension) and 
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 is the net sediment flux vector. This vector can be decomposed into an advective component, a molecular diffusion component, and a settling component, since the sediment is not neutrally buoyant.
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where 
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 is the fluid velocity vector, Dm the Fickian molecular diffusion coefficient, WS the terminal settling velocity of the sediment particles or flocs and 
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the vertical unity vector (upwards). This leads to
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Decomposing the flow velocity components and concentrations into time averaged parts (over a period longer than the turbulent time scales involved), denoted by an overbar, and fluctuating components, denoted by a prime, inserting these terms into equation 3.5, averaging over the same time scale, the following equation is obtained :
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which can also be written as  
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The last three terms in equation 3.7 correspond to gradients of turbulent diffusion fluxes, commonly modeled as
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where x, y, z are the turbulent mass diffusion coefficients, in the x, y, z directions, respectively. Turbulent diffusivities are, however, much larger than the molecular diffusivities and the terms corresponding to the latter phenomenon can be neglected in equation 3.7, which becomes :
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The last equation is valid in the water column, and requires appropriate boundary conditions. These are (Ross, 1988) :

Bed Boundary Condition

At the bed, z = Zb, a bed flux term, Fb, (mass of sediment per unit bed area per unit time) must be defined, corresponding to a source or sink for the suspended sediment in conditions of erosion or deposition, respectively. Consequently, in the z direction, and at the bed :

N(Zb,t) = Fb = E – D                                                                    (3.12)

where E and D are the erosion and deposition fluxes, respectively.

Free Surface Boundary Condition

At the water surface, z = 
[image: image16.wmf]z

, a no-flux condition is necessary, corresponding to a zero total flux, the diffusion flux always balancing the settling flux. Consequently :  
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3.4 Settling


Mud in suspension usually exists in the form of flocs. The settling flux of cohesive sediment in turbulent flows is strongly dependent on the sediment concentration; this is due to the fact that the settling velocity itself depends on the concentration.. Moreover, the settling velocity of cohesive materials is a function of the suspension and not exclusively of the sediment (Mehta, 1988). Values of the settling velocity of the flocs varies by about a factor of five for the same concentration. This variability may be explained by differing clay mineralogies, presence of organic matter, by the differing flow regimes affecting the internal shearing rates and by considering the causes for aggregation of cohesive particles.

Aggregation or flocculation occurs as a consequence of the net attractive forces between particles, brought close enough by Brownian motion, differential settling and current shear. Although the relative importance of collision frequency due to the above mechanisms depends on the particle diameter, current shear seems to be the most important factor contribuating to aggregation, with the exception of slack water periods when differential settling becomes dominant (Mehta, 1988). Aggregates or flocs are formed of individual particles and can, themselves, form aggregates of higher orders. They differ from primary particles in four main aspects :

· Their size is larger than that of individual particles;

· their density is less than that of the particles due to interstitial water;

· their shape is more spherical than the plate-like shape of the primary particles, which corresponds to reduced drag;

· they are extremely weak, tending to break up.

The most significant of the above factors are the increase in diameter and the reduction of the drag. The settling velocities of the flocs are thus higher than those of the individual particles. Field observations show that the median settling velocity is approximately proportional to the concentration of suspended solids up to a concentration of 4kg/m3. The settling velocity reaches a peak at about 2 mm/s for these concentrations, and rapidly diminishes for higher concentrations to about 0.5 mm/s because the particles are beginning to hinder each others settling (Odd, 1986), see figure below.

 Figure 4. Settling velocity variation with suspension concentration of fine sediment (m=1.33, m1=5.0), 

       adapted from da Costa (1989)

The dependence of the settling velocity on the concentration, neglecting secondary effects such as temperature and salinity falls within three cases :

3.4.1 Free Settling


Free settling occurs for low concentrations, typically lower than 0.1 to 0.3 kg/m3. In this range the particles settle freely, without mutual interference; their settling velocity is a result of the force balance between drag and net negative buoyance. In the viscous range (Res<1) the drag coefficient is
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(wher Res = WSD/() and the settling velocity is (Vanoni, 1975) :
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where D is the grain diameter, (s and (w are the grain and fluid densities, g the gravitational acceleration and ( the dynamic viscosity.

3.4.2 Flocculation Settling


For higher suspension concentrations than the free settling limit, an increase in aggregation causes higher settling velocities, generally expressed as
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3.4.3 Hindered Settling

For concentrations higher than a value CHS of about 2 to 5 kg/m3 the settling velocity decreases with the concentration. This is the result of hindered settling, a phenomena in which aggregates become so closely packed that the fluid is forced to flow between them, thereby reducing the settling velocity. The general expression for the settling velocity in this concentration range is
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where WS (ms-1) is the settling velocity, C (kgm-3) is the concentration, and the subscript HS refers to the onset of the hindered settling. The coefficients K1 (m4kg-1s-1) and K2 (m3kg-1) depend on the mineralogy of the mud and the exponents m and m1 depend on particle size and shape.

Krone (1962), proposed a theoretical value for m equal to 4/3, based on the kinetics of flocculation. Mehta (1986) experimentally found values varying between 1 and 2. The exponent m1 is usually taken as 4.65 for small particles and 2.32 for large particles (Dyer, 1986). To ensure that (3.14) and (3.15) are dimensionally correct, both m and m1 should be 1. This type of correlation is adequate for models that calculate a bulk concentration. In 3D hydrodynamic models the intensity of turbulence is calculated and a more complex correlation could be used. That type of correlation is not yet available. However, the situation is expected to improve, due to advances in measuring techniques and modelling.

3.5 Fluxes at the bed

Although there is evidence that matter is continuously deposited and removed from the bottom, most models follow Einstein (1950) and consider that the two processes cannot occur simultaneously. In such models, it is assumed that, when bottom friction is smaller than a critical value for deposition, there is addition of matter to the bottom, and, when the bottom shear is higher than a minimum value, erosion occurs. Between those values, erosion and deposition balance each other. In fact only very recently has it been possible to measure the downward and upward movement of particles at the bottom interface. In former times the best that could be achieved was to measure the net erosion or deposition as a function of the bottom shear. Both formulations can easily be included in the same model (Cancino and Neves, 1994). In this work, the traditional approach was adopted because it is much easier to find data in the literature to specify the parameters. 

3.5.1 Erosion Flux

Erosion of cohesive sediment has generally been observed to occur in one of two modes : particle by particle and mass erosion. The former mode corresponds to the case in which particles separate from the bed on an individual basis, as a result of hydrodynamical forces exceeding cohesive bonding, frictional and gravitational forces; in the latter case portions of the bed become unstable and large masses of sediment are resuspended. Particle by particle erosion is, however, the most common erosional mechanism in estuaries; under the action of bottom shear stresses higher than the bed shear strenght, removal of particles and decrease in bed elevation (scour) will proceed until a bed layer of higher strenght, equal to the applied stress, is found. This increase in bed shear strenght with depth is due to changes in the floc structure after deposition, during consolidation and gelling (da Costa, 1989). 

Erodibility of a cohesive bed is driven by shear, but also depends on bottom cohesive nature, which in turn depends, in a poorly understood way, on clay mineralogy and on the geochemistry and microbiological processes occurring in the bottom. Some authors argue that it should also depend on the salinity (Hayter and Mehta,1986). However, no dependency laws have yet been advanced. Again a useful correlation must depend only on the variables calculated by the model and on parameters. The erosion algorithm used in this work is based on the classical approach of Partheniades (1965). Erosion occurs when the ambient shear stress exceeds the threshold of erosion. The flux of eroded matter is given by :

   
 EMBED Equation.2  
[image: image22.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

=

=

1

E

E

M

dt

dM

E

t

t



  for
    
[image: image23.wmf]E

t

t

>

,                                               
(3.18)                                              


[image: image24.wmf]0

=

=

dt

dM

E

E

                       for      
[image: image25.wmf]E

t

t

<

,
                                             (3.19)
where   is the bed shear stress, E  is a critical shear stress for erosion and M is the erosion rate coefficient       (kgm-2s-1). The magnitudes of M and E can vary widely depending upon the properties of the sediment-fluid mixture and on the physico-chemical characteristics of bottom sediment. In the Western Scheldt, Mulder and Udink (1991) used E = 0.4 Pa, M = 5(10-5 kgm-2s-1 while Villaret and Paulic (1986) proposed a value of E = 0.2 Pa, M = 1.6(10-5 kgm-2s-1 for estuarial mud and E = 0.12 Pa, M = 4.6(10-5 kgm-2s-1 for bay mud. As a general rule, bottom sediments are a mixture of cohesive and non-cohesive sediments; the parameters must also account for that and so a gradient must be expected in the estuary. Critical shear stress for erosion is a function of the degree of compaction of bottom sediments measured by the dry density of the bottom sediments: ratio between the mass of sediment (after extraction of the interstitial water at 105(C) and its initial volume. Stephens et al. (1992), based on the formulations proposed by Delo (1988), used: 
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where d (kgm-3) is dry density of bed sediments, and A1 (m2s-2) and E1 are coefficients depending on mud type. This equation is dimensionally correct only for E1=1. Nevertheless Stephens et al. (1992) calibrated their model with A1 = 0.0012 m2s-2 and E1 = 1.2. This is a critical point when a compaction model is used, otherwise this correlation becomes an indirect means of imposing a critical shear stress for erosion knowing the bed sediment dry density, much easier to measure. 
3.5.2 The deposition Flux

High bed stresses exerted by peak tidal flows constitute a barrier to deposition. The concept of a limiting bed stress (d , above wich no deposition takes place, was introduced by Krone (1962), postulating that the overall probability of flocs sticking to the bed increases from zero to unity as the shear of the bed falls below the critical value  (d. Various flume tests over the years have confirmed that the limiting stress of deposition is between about 0.06 and 0.08 Pa (Odd, 1986). Based on laboratory experiments with natural mud from the Western Scheldt, Winterwerp et al. (1991) found D = 0.2 Pa. For the Gironde, Li et al. (1994) used values in the range 0.3-0.5 Pa. This value determines the duration of the settling period within the tidal cycle which is usually concentrated at the times of high and low water slack. It is common practice to calculate the bed stress from the velocity in the lowest layer on the assumption that the mud bed is smooth. The rate of mud deposition onto the bed (kg/m2s), or deposition flux (D), is the product of the potential settling flux from the lowest layer and the probability of it sticking to the bed :
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This concept reflects the fact that the deposition of flocs is controlled by near-bed turbulence or, more specifically, by the rate of shearing (u/(z at z = zb. For a floc to stick to the bed it must be strong enough to withstand the the near bed shear stress. The critical shear stress for deposition,D, depends mainly on the size of the flocs. Bigger flocs have higher probability of remaining on the bed than smaller flocs. 


Provided the concentration of suspended solids in the overlying water is less than about 2.5 kg/m3, a common situation in many estuaries, the mud will settle directly on the bed and form a deposit in which the density and shear strenght increase rapidly with depth. The main body of a mud deposit, which is not usually disturbed during a normal tidal cycle, has a much higher and more uniform density and shear strenght. The thin surface layers, which are only few millimeters thick, are often called slack water deposits. This is because they are usually resuspended as soon as the tidal currents increase after the turn of the tide. Rheological and flume experiments indicate that the shear strenght of a mud deposit increases rapidly with the dry density of the mud matrix. The structure of the mud matrix is assumed to be such, that the density increases as aggregations of one floc size and density collapse into the next smaller and stronger grouping as the water drains vertically upwards due to the overlying weight. Field observations indicate, that in the absence of sandy sediments, consolidation is very slow. This may be explained by the fact that the size of the pathways for the water to pass through the mud matrix, rapidly decreases with increasing density effectively preventing further consolidation of the sub-surface layers. The presence of a non-cohesive silt or fine sand has a large effect on the structure of a mud bed. It increases consolidation and the shear strenght of the mud matrix. If one is modelling a situation where a previously sandy bed may become muddy or vice-versa, it is essential to take into account the proportion of sand and mud in each layer (Odd, 1986).
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