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1. Introduction

A traditional view of river discharge, shelf sediment transport and mud-deposit formation consists of terrestrial sediment settling from a river plume through the water column and depositing at the site on the continental shelf where it is buried.  On the shoreward side of this deposit, the mud facies pinches out due to strong oscillatory flows associated with wave shoaling.  In this sense, the inner shelf is decoupled from processes forming the shelf mud deposit.  On the seaward side of the deposit, the mud pinches out as some function of sediment input, distance from shore, flow conditions, and depth (e.g., Curray, 1965; Nittrouer and Sternberg, 1981; Leithold and Bourgeois, 1989). 

Over the past few decades, great progress has been made in evaluating and gaining insights into the basic concepts described above.  Instrument development has provided a means to document the physical processes and sediment response in a wide variety of shelf environments and over extended periods of time.  Comprehensive observations include in situ particle characteristics (e.g., size, floc nature, settling velocity), benthic boundary-layer flow conditions, suspended-sediment load and flux, sediment accumulation rates, and strata development.  Most importantly, knowledge of shelf sedimentary systems has advanced to the degree that large comprehensive numerical models have been developed to predict or infer shelf sedimentation.  These models are based on turbulent boundary-layer theory and compute a range of parameters on a shelf-wide basis:  boundary-layer shear stress under combined wave and current action, sediment resuspension and flux, sediment sorting, deposition and erosion of the seabed.

Over the past decade new evidence from field studies has started to change our understanding of shelf sedimentary processes that control the fate of muddy sediment (i.e., particle diameters <64 (m).  These processes are highlighted in this paper, with a focus both on the spatial processes that control the transfer of sediment across shelf subenvironments (inner shelf to mid shelf to slope) and on the temporal variability associated with transfer processes and burial of sediment.  The studies represent a mosaic of results from several continental shelf settings that have been important for expanding our knowledge of shelf sediment dynamics.  Ultimately, they may engender additional physical concepts to be incorporated into shelf sedimentation models.  The relevant processes include:

· the formation of gravity-driven density flow, or fluid mud, and its role in sediment transport;

· across-shelf transport mechanisms, with particular attention to the linkages between different shelf subenvironments, i.e., the role of the inner shelf in creating the mid-shelf deposit, and the role of the mid-shelf deposit on offshelf transport by nepheloid layers (zones within the water column with diffuse clouds of increased sediment concentration) and gravity-driven density flows in canyons;  

· longer-term (time scales greater than weeks) mechanisms impacting annual and interannual variability of sediment flux, and the sedimentological impact of the relative timing between sediment supply and coastal-ocean energetics.

Sediment resuspension and transport are key aspects of interdisciplinary studies within the global coastal ocean, and the concepts presented here were selected for their importance to understanding the oceanic processes at work.  The path an individual particle takes on its way to permanent burial in the seabed will influence the associated chemical and biological constituents.  Thus, these new findings have implications beyond just the sedimentological realm.  

This chapter includes a brief and relatively simple summary of the fundamentals of clastic sediment resuspension and suspended-sediment transport.  For a more comprehensive treatment, the readers are referred to compilations by Dyer (1986) and Wright (1995).  The primary focus of this chapter is on recent concepts and discoveries.  Shelf examples in which modern mud facies are being formed are emphasized, because these are the ones actively receiving sediment from terrestrial sources.  Muddy coastal oceans are of great relevance to interdisciplinary studies involving the transfer of both biological and chemical species. Coarser-grained environments that allow the transport of seabed porewater solutes are discussed in Chapter 6 (Jahnke, this volume).

2.  Fluid/Sediment Interactions

Fluid/sediment interactions refer to both the characteristics of flow near the sediment-water interface and the seabed response.  Flow parameters in the benthic-boundary layer (the region dominated by frictional effects) include current velocity, turbulent structure, and boundary shear stress.  Sediment response includes resuspension, upward turbulent diffusion away from the interface, transport and deposition.  Transport and deposition of sediment can be evaluated in terms of the sediment flux integral,
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where u is the instantaneous velocity and c is the instantaneous suspended-sediment concentration.  Integration over the vertical dimension, at any point in space and time yields the flux, or transport rate, of sediment past that point at a particular instant.  Thus, an estimation of sediment flux requires a description of both the velocity field and the suspended-sediment concentration field.  

2.1 Currents and Shear Stress

Currents in the coastal ocean are a combination of multiple external forcing mechanisms that result in site-specific velocity characteristics (see Brink, this volume).  These forcing mechanisms encompass a wide range of temporal and spatial scales varying from seconds for surface gravity waves through decadal processes, e.g., El Nino/La Nina processes (Table 1).  Sediment forcing mechanisms identified and studied by shelf scientists include waves (surface and internal), tides, wind events, seasonal variations (including geostrophic processes), and most recently, events comprising interannual variability (e.g., Drake and Cacchione, 1986; Sherwood et al., 1994; Wiberg et al., 1994; Ogston and Sternberg, 1999; Guerra, 2004). 

Above the zone of frictional boundary-layer effects, the prediction of free-stream velocity has been the focus of significant study in recent years.  For example, community models utilizing the equations of motion at a range of forcing scales (Table 1) can accurately predict geostrophic and buoyancy-driven flows.  More specifically for shelf transport studies, modeling efforts have been shown to resolve successfully mesoscale features in response to small-scale bathymetric changes, wind forcing and river-plume interactions (e.g., Pullen and Allen, 2000, 2001).  Although presently models may not always accurately predict the location of features unless strongly trapped by bathymetry, the features themselves are reproduced and their variance compares well with measurements.

Within the zone of frictional effects, a bottom boundary layer develops where the free-stream velocity interacts with the seabed (Fig. 4.1a).  At the seabed, the “no-slip” condition causes the velocity profile to go to zero at or near the seabed.  Very close to the seabed where the viscous forces are large relative to the turbulent forces (i.e., low Reynolds number) due to low velocity, a viscous sublayer (dominated by laminar flow) can form on the order of 1 mm thick.  Above this region and ignoring waves, the velocity profile exhibits a logarithmic increase upwards in the zone of constant stress (Dyer, 1986; Grant and Madsen, 1986; Sleath, 1990).  The thickness of the logarithmic layer on the continental shelf is typically 1 to 2 m.  In the coastal ocean, where waves are also felt near the seabed, the velocity profile includes a wave boundary layer that scales as a function of the wave-generated stress and frequency.  The scale is typically on the order of 2 - 10 cm thick for surface gravity waves (Fig. 4.1b).  The wave and current boundary layers are not independent and interact to enhance each other.  Velocity profiles with wave-current interaction can be iteratively predicted (e.g., Smith, 1977; Grant and Madsen, 1979; Wiberg and Smith, 1983; Styles and Glenn, 2000).

<<insert fig 4-001>>

Shear stress ((b) is generated within the bottom boundary layer due to the velocity gradient.  Boundary shear stress acts to initiate sediment motion, and aids in particle diffusion away from the seabed (acting against the gravitational settling of particles).  The zone of constant stress occurs where the flow is dominated by bed roughness, yet is relatively unaffected by the earth’s rotation.  Shear stress can be estimated in at least three ways:  1) quadratic stress laws which utilize a friction, or drag, coefficient (Sternberg, 1968, 1976) and the square of the velocity, 2) from the slope of the velocity profile in the logarithmic region (Sternberg, 1966; Dyer, 1970; Channon and Hamilton, 1971), and 3) the Reynold’s stress formulation (Gordon, 1975; Gross and Nowell, 1983; McLean, 1983) where the stress in the fluid is represented by the turbulent stress (
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).  Other methods utilizing the turbulent kinetic energy and the turbulence dissipation rate are also becoming available as instrumentation is developed to sample at temporal and spatial scales of turbulence (on the order of 100 Hz, 10-3 cm) and as our understanding of small-scale turbulence processes expands.  

2.2 Suspended-Sediment Concentration (Turbulent Diffusion)

In the absence of advected sediment input, the suspended-sediment concentration profile responds primarily to the magnitude of the friction velocity (
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, where ( is the density of the fluid), and particle settling velocity (Ws).  The concentrations are a function of the grain-size distribution, particle settling velocity including flocculation effects such as size and density changes, and other related factors affecting the characteristics of the seabed, which will be referred to in the section on seabed roughness and consolidation.  


The Rouse equation, in its most simplistic form, describes the vertical profile of a specific suspended-sediment size class,
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where the Cz is the concentration at some height, z, relative to Ca, the concentration at a reference height, a.  The concept of a reference height was initially formulated for systems where suspended sediment is shed from an underlying bedload layer, the reference height being the distance from the seabed to the top of the bedload layer.  Although there may be no bedload layer in muddy sediment, the concept is still used.  The ratio of Cz/Ca is a function of the shear velocity (U*) and the settling velocity (Ws) for a given size class or, in the case of flocculated muddy sediments, a representative value for the aggregate settling velocity.  K is von Karman’s constant (~0.40; Nowell, 1983, Fig. 4.2).   The concentration profile is also influenced by the effects of density stratification (e.g., Wiberg, et al., 1994; Wright et al., 1999) due to the mass of sediment in the water column.  As sediment-induced density stratification in the fluid results from high shear stresses and associated resuspension, turbulence is damped causing sediment to fall out of suspension and thus the resuspension process has been considered to be self-limiting.

<<insert fig 4-002>> 

The reference concentration, Ca, must be estimated to determine the absolute concentration profile of sediment in suspension and is strongly connected with the state of the seabed (Fig. 4.2).  Field studies using measured values of Ca have found the Rouse equation to be a robust descriptor of the suspended-sediment concentration profile except in high concentrations where the volume of water displaced by the particles settling must be considered (e.g., Kineke and Sternberg, 1989).  The prediction of Ca is a more difficult task.  A common formulation to predict Ca uses a resuspension coefficient, and is referred to as a concentration bottom boundary condition (Smith and McLean, 1977):
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where (o is the resuspension coefficient, Co is the concentration of sediment in the seabed, and S is the normalized excess shear stress (τb –τc)/τc) where τc is the critical value of shear stress for sediment movement.  Estimates of γo from field and laboratory studies have revealed a large variation ranging from 10-2 to 10-5 (e.g. Smith and McLean, 1977; Wiberg and Smith, 1983; Sternberg et al, 1986; Hill et al., 1988; Drake and Cacchione, 1989).  Drake and Cacchione (1989) suggest that variation of γo appears to be inversely related to excess shear stress (S), possibly in response to bed armoring or seabed sediment consolidation.  Additionally, modeling studies suggest that the (o variations can be minimized when both bed armoring and sediment-induced stratification are considered (Wiberg et al., 1994).


Alternately, a flux bottom boundary condition can be employed that does not necessarily make the assumption of an underlying bedload layer, and is more applicable to time-dependent models in which erosion and deposition time scales differ.  In this formulation, the vertical flux of sediment in the water column due to settling and turbulent diffusion must balance the flux of sediment into and out of the seabed due to deposition and erosion.   The level of complexity to which this condition can be physically described is hindered by our knowledge of processes in this very thin layer between the seabed and water column.  A description of these processes and their formulation is described in Hill and McCave (2001).   

In both formulations of the bottom boundary condition, it is necessary to know the consolidation state of the seabed as it affects both Co and S.  As pore water is released from the seabed, Co increases and, in muddy sediment, τc increases dramatically (Krone, 1976).   Laboratory studies of consolidation in deep-sea marine sediment suggest that removal of pore water occurs over time scales of hours to days, and is dependent on grain-size distribution, mineralogy, and pressure loading (e.g., waves stresses, Lee and Edwards, 1986).  Benthic organisms are also known to change the value of τc significantly (Nowell et al., 1981).  In view of the wide variability observed in γo, the use of Equation 3 to predict a nearbed reference concentration remains a major problem (Smith 1977; Drake and Cacchione, 1989).

Other properties of the seabed also affect the amount of stress available to resuspend particles.  Although theoretically, muddy seabeds cannot sustain ripple structures, only a small amount of sand or coarse silt appears to be necessary for wave-orbital ripples to form and remain on the seabed (Rees, 1966).  Bedforms can produce spatially inhomogeneous bed stress in the bottom boundary layer by, for example, locally increasing the roughness, which produces eddies in the lee of bedforms.  Bedforms also require consideration when evaluating bed stress available for resuspension of particles from the seabed (skin friction) due to the removal of energy from the flow due to the drag on the bedforms (form drag).  

In addition to bedforms created by waves and currents, bed roughness can be created by organisms who produce mounds that influence resuspension much in the same manner as ripples.  Burrowing activities also change the consolidation state of the seabed by irrigating sediment to release or introduce porewater.  Other possible influences on the resuspension and transport of sediment due to biological action include the formation of bacterial or algal surface binding (Nowell et al., 1981; Noffke et al., 2001), biological controls on flocculation, and mediation of bed armoring through bioturbation.

2.3 Suspended-Sediment Concentration (Advection)
In addition to resuspension from the seabed, sediment can be advected via plumes and nepheloid layers from a distant part of the seabed or from a river mouth.  A three-dimensional approach is necessary to interpret suspended-sediment concentrations at a specific site.  Various types of river plumes advect sediment in coastal areas (Fig. 4.3).  Positively buoyant freshwater plumes (hypopycnal) are frequently observed (Fig. 4.3a), and more rarely, negatively buoyant plumes (hyperpycnal) have been observed in high-discharge situations for both small and large river systems (Wright et al., 1990; Kineke et al., 2000)(Fig. 4.3b).  Particle removal from hypopycnal plumes is enhanced by the processes of flocculation, whereby individual particles form aggregates, which are larger and settle faster.  In general, flocculation begins when saline water is mixed with the fresh plume (at ~1-3 ppt salinity, Krone, 1978; Spielman, 1978), although recent studies have observed flocculated particles in fresh water where organic matter and certain ionic species exist (e.g., Fox et al., 2004).  Along with the current and wave regime, the supply function determines the plume dynamics and extent of flocculation, all of which contribute to the advection of particles and the subsequent removal of particles to the bottom boundary layer.

<<insert fig 4-003>>

Hyperpycnal plumes can be defined as freshwater plumes with bulk density greater than that of the receiving water body due to the sediment load (i.e., plume suspended-sediment concentration >40 g l-1).  High-density suspensions formed in the ocean (i.e., salt water and sediment with concentrations >10 g l-1) also have been called hyperpycnal (due to a density higher than the ambient water column) and some confusion has occurred because of this lack of distinction in terminology. Here we refer gravity flows due to high-density river discharge that forms an underflow when discharged into the marine environment as hyperpycnal, and those due to marine nearbed processes that produce concentrations that exceed 10 g l-1 as gravity-driven density flow.  Whether a river discharges hypo- or hyperpycnally into the coastal ocean depends upon the sediment concentration at the discharge point, which results from the sediment supply function (i.e., small-catchment episodic signal or large-catchment damped signal) and sediment yield within a basin. In an analysis of major rivers, Mulder and Syvitski (1995) identify as many as 150 rivers on a worldwide basis that may become hyperpycnal due to high sediment discharge.  

Both hyperpycnal plumes and gravity-driven density flows have significant relevance to across-isobath transport because of the gravity anomaly induced.  These dense underflows tend to be associated with an abrupt suspended-sediment interface, the lutocline, which minimizes mixing with overlying water. Thus, large quantities of sediment can be moved across-isobath regardless of the current regime in the overlying water.


In the deeper coastal ocean (e.g., continental slope), advection of particles along density interfaces is frequently a dominant process of transport (Fig. 4.3c).  For example, internal waves intersecting the continental shelf or slope can cause resuspension of particles and ejection of those boundary-layer suspensions into the water column along density surfaces, creating layers within the water column of turbid water, known as intermediate nepheloid layers (McPhee-Shaw et al., 2004).  Removal of sediment from these layers is thought to be a dominant process in the delivery of sediment to the deep ocean (Drake, 1976).

2.4  Deposition and Erosion of the Seabed

Deposition and erosion of the seabed depends upon the convergence and divergence of the sediment flux integral (Eq. 2).  Although a flux of sediment exists past a particular point, unless there is less (more) flux at an adjacent point, there is no deposition (erosion) at that point (Fig. 4.4).  Thus, transport gradients are key to linking studies of sediment transport to studies of seabed accumulation and strata formation.

<<insert fig 4-004>>


Observations of spatial gradients of sediment flux require multiple instrumentation suites over large areas, and require detection of a small gradient amongst large signals.  Few studies have been able to observe spatial gradients and relate them to sediment accumulation on the seabed.  Wright et al., (1999) found an across-shelf sediment-flux convergence on the Eel shelf that corresponded to the zone of fine-sediment accumulation on the mid-shelf region (Fig. 4.4a).  Additionally, Ogston et al. (2000) reported an along-shelf convergence on the same shelf during major events that was consistent with the development of flood deposits on the mid shelf (Fig. 4.4b).  

Spatial variations in bed shear stress have been investigated by two-dimensional modeling of across-shelf processes (Harris and Wiberg, 2001, 2002).  Another approach is to couple three-dimensional, high-resolution ocean models to bottom boundary layer models, which together can determine the free-stream velocity and the bed shear stress.  Wright et al., (2001) developed an analytical model using the angle of the shelf and the gradient of wave and current velocity (see section 3.1.2).  This model shows that gradients in geomorphology and processes can connect gravity-driven density flow (e.g., fluid mud) with the formation of mud deposits (Scully et al., 2002; Friedrichs and Wright, in press). 

Typical winter storms on north Pacific continental shelves can erode approximately 0.5 cm into the seabed before coarsening of the active seabed surface (as fine sediment is removed) limits the erosion depth, known as bed armoring (Wiberg, 2000).  This assumes that there is a balance between settling and resuspension, and divergent/convergent processes are not in action.  In extreme wave conditions where bed armoring is not the limiting factor, but sediment stratification in the bottom boundary layer limits the carrying capacity (Kachel, 1980; Wiberg, 2000), erosion depths may reach 5-6 cm depth.  Typically, the resuspension depth (or depth of erosion) is much less, and depends not only on the magnitude of storms creating high shear stresses on the seabed, but also the seabed texture and history leading to bed armoring or consolidation state.  The resuspension depth impacts the preservation potential of seabed deposits (Fig. 4.2), and subsequently the chemical diagenesis and remineralization of constituents associated with the sediment particles.

During the present highstand of sea level, much of the sediment supplied by rivers accumulates on continental shelves (Wright and Nittrouer, 1995). Many natural (e.g., carbon) and anthropogenic (e.g., heavy metals) chemical species are transported on the surfaces of sediment particles, and accumulate with them. In fact, the muddy deposits on continental shelves represent the major marine repository for carbon (Hedges and Kiel, 1995). The processes of sediment resuspension and deposition described in this chapter affect the character of chemical constituents that are ultimately buried (e.g., Aller, 1998). In addition, the source function for fluvial sediment discharge to shelves has changed as a result of anthropogenic activities such as agriculture, logging, and river damming/ diversions (Mead, 1996). The result is that both the quantity and the quality of muddy sediment accumulating on continental shelves are sensitive to natural and human influences affecting sediment supply.
3.  Recent Insights on Shelf Sediment Transport

3.1  Fluid Mud—a New Shelf Transport Concept

Fluid muds are relatively dense, nearbed suspensions of flocculated fine-grained sediment and salt water. Their concentrations are in excess of 10 g l-1 (corresponding to a combined fluid/sediment density of 1.03 g cm-3), a point at which they begin to exhibit non-Newtonian behavior, and may reach > 330 g l-1 (corresponding to a density approaching 1.30 g cm-3) (Inglis and Allen, 1957; Wells, 1983; Kineke, 1993). Fluid mud has been observed in many of the world's estuarine environments in association with the turbidity maximum (e.g., Nichols, 1985) (Fig. 4.5a) and is thought to be caused by rapid settling due to flocculation and/or particle trapping in the convergence region of an estuarine salt wedge (Meade, 1972).

<<insert fig 4-005>>

In the 1980s, fluid mud was observed off large river systems, where the mixing of the freshwater was pushed out of confined estuarine reaches (e.g., Amazon, Faas, 1986; Kineke and Sternberg, 1995; Huanghe, Wright et al., 1986). The formation of these very high concentrations on the Amazon shelf (Fig. 4.5b) was due to elevated sediment discharge and lateral sediment convergence at inner-shelf frontal zones during energetic conditions (Kineke et al., 1996). Off the Huanghe River during lower discharge periods, internal and surface wave action contributed to remobilization and maintenance of dense underflows (Wright et al., 1990).

Recent observations on the northern California shelf show that fluid mud also occurs on high-energy shelves with only episodic sediment input (Fig 4.5c). These dense suspensions are thought to result from elevated sediment discharge and particle trapping in frontal zones on the inner shelf (Ogston et al., 2000) and also by sediment trapping due to dynamics in the wave-boundary layer (Traykovski et al., 2000).  Another process that has recently been observed is discharge of river plumes (Fig 4.5d) that split into a hypopycnal component, which transports sediments according to prevailing surface currents, and a hyperpycnal component moving directly down-slope, transporting sediment to greater depths (e.g., Sepik River, Kineke et al., 2000; Walsh and Nittrouer, 2003).

3.1.1 Fluid-Mud Impact on Sedimentary Deposits

Fluid-mud formation and subsequent gravity-driven transport may be more common than previously thought.  Because of the high concentrations of suspended sediment in a fluid mud, a single event of fluid-mud transport can account for much or all of the average annual seaward flux due to turbulent boundary-layer processes. For example, a fluid-mud event was documented in the nearbed region (30 cmab; i.e., cm above bed) at 60-m depth on the Eel shelf during a major flood. Sediment flux associated with this single event exceeded other non-gravity-driven events by about two orders of magnitude, and the net seaward flux over the three-day event accounted for 77% of the net transport at that site in the entire previous year (Ogston et al., 2000).

Sedimentary deposits formed by fluid-mud have different sedimentological and geochemical signatures than deposits formed through classic resuspension and advection (Allison et al., 1995; Kuehl et al., 1996). Identification of deposits within the seabed is possible using grain size, radiochemical indicators, and microfabric. Typically, flood deposits can be identified by the high content of clay-size particles and presence of Berylium-7 (Sommerfield et al, 1999).  The grain-to-grain fabric can provide clues regarding transport as fluid mud.  Typically the sediment fabric created by deposits of fluid mud contains alternating layers of aggregates (flocs) and individual particles sheared by sediment transport (Kuehl et al., 1988).

Fluid-mud processes on continental shelves have far-reaching implications. On the Amazon shelf, fluid mud reaches 7 m in thickness and the shelf-wide suspended-sediment inventory incorporated in fluid mud is approximately equal to the annual sediment discharge of the river itself (Kineke et al., 1996). From a sedimentological view point, fluid-mud processes influence the shallow stratigraphy of river mouth and shelf deposits (Jaeger and Nittrouer, 1995; Kuehl et al., 1996) and are agents of progradation on the subaqueous delta (Nittrouer et al., 1986). Additionally, these nearbed suspensions strongly impact chemical exchange between the seabed and water column (Aller et al., 1996; Moore et al., 1996).  They also create reduced bottom drag, which strongly influences the propagation of the tidal wave over the shelf and affects river-mouth mixing processes (Beardsley et al., 1995; Geyer, 1995). Knowledge of fluid-mud processes also may help to explain other unanswered questions, such as the long-observed decoupling of shelf deposits from river plume distributions and the high sediment accumulation rates on the foreset region of prograding clinoforms (Kuehl, et al., 1996; Walsh et al., 2004).

3.1.2 Mechanics of Fluid-Mud (Gravity-Driven) Transport

Numerous modeling efforts have been and are being carried out to better understand fluid-mud transport. A model was developed to contrast the role of turbulent mixing and sediment-induced stratification (Trowbridge and Kineke, 1994; Kineke et al., 1996).  It used the gradient Richardson number (ratio of sediment-induced stratification to shear) for closure, and has provided important insights into the structure and dynamics of fluid-mud suspensions. Results suggest that at concentrations between 10 and 100 g l-1, a condition exists where settling is unimportant and the water column has not been saturated with suspended sediment. At concentrations between 100 and 330 g l-1, stratified fluid mud occurs where settling is important, the water column is saturated, and sediment has begun to deposit.

Downslope migration of fluid mud has been modeled using a Chezy relationship in which the downslope component of excess gravity is balanced by the quadratic-stress relationship incorporating underflow velocity and drag coefficients for the seabed and upper interface. Based on this approach, gravity-driven density underflows were estimated off the Huanghe River to be 10-20 cm s-1 (Wright et al., 1990); on the Amazon subaqueous delta to be 23-40 cm s-1 (Cacchione et al., 1995); and on the Eel inner shelf to be 17 cm s-1 (Ogston et al., 2000). The approximations representing the Amazon River and Eel River underflows generally agree with independent evidence from benthic tripod observations.

Numerical models have also been developed that focus on river discharge events and wave-supported fluid-mud layers, and these models constrain alongshelf sediment delivery and downslope sediment flux. An analytical model formulated by Scully et al. (2002) suggests that critical stratification due to fine sediment in the wave-boundary layer dominates the nearbed dynamics when greater amounts of sediment are delivered by floods than can be removed, and demonstrates that gravity-driven density flows can account for the majority of sediment reaching the mid shelf. They also use their model of gravity-driven density flows to explain the equilibrium shape of subaqueous deltas and clinoforms associated with high-yield rivers (Friedrichs and Wright, in press).

Fluid-mud dynamics on continental shelves represent a recently discovered sedimentary process that has not been fully incorporated into the sedimentologists' tool bag. Great strides have been made in recent years in turbulent boundary-layer modeling of shelf sediment transport (e.g., Harris and Wiberg 2001, 2002; Sherwood et al., 2002) and now a range of shelf environments have been documented where gravity-driven density underflows may at times dominate seaward transport, rather than turbulent boundary-layer processes. As discussed above, modeling efforts of fluid-mud processes are progressing and will help not only to broaden our conceptual framework of shelf sedimentology but ultimately provide improved predictive capabilities of shelf sediment transport and deposition.

3.2  Spatial Variation in Mechanisms – from Inner Shelf to Slope

The physical and sedimentary processes discussed above act on different portions of the continental margin at varying levels of impact.  In temperate and tropical regions, shelf environments receiving modern sediment input typically consist of a transgressive sand layer overlain by a recent muddy deposit. The formation of shelf mud deposits are discussed conceptually by McCave (1972), and the locus of deposition on the shelf is explained by the complex interplay between modern sediment supply and energetic physical activity (e.g. wave/current)(Fig. 4.6).  Although the picture is not yet complete, in recent years these factors are starting to be evaluated quantitatively.

<<insert fig 4-006>>

In this paper, the continental shelf is divided into contiguous environments, and new insights are discussed about the processes that dominate each environment and that link the environments.  As a simplistic generalization, the four environments of relevance are:  the inner shelf, mid shelf, shelf break and continental slope (Fig. 4.7a).  In addition, large parts of the global coastal ocean contain morphologic features such as clinoforms and submarine canyons that play a significant role in the transfer of sediment across and off the shelf (Fig. 4.7b, c and d).

<<insert fig 4-007>>

3.2.1 New Insights on Inner to Mid-Shelf Sediment Transport

The inner shelf is considered to be a zone seaward of the shoreline where waves frequently agitate the seabed (Wright, 1995).  In regions of high wave energy relative to sediment supply, little fine-grained sediment can persist (Fig. 4.6b; Fig. 4.7a); in the case of very large sediment supply relative to wave energy, muddy coasts or clinoform topset beds develop (Fig. 4.6a and c; Fig 4.7b)(McCave, 1972; Wright, 1995).  The inner shelf has not been studied as extensively as the mid-shelf or surf zones, due to the difficulties in making comprehensive observations in the shallow coastal environment.  A recent and comprehensive observation program on a sandy inner shelf occurred during the STRATAFORM program off the Eel River in northern California (Nittrouer and Kravitz, 1996; Nittrouer, 1999).  Rapid-response observations were made on the inner shelf to document physical processes and suspended-sediment concentrations during storm events.  These were accomplished with helicopter surveys rather than vessels, because of the high sea state (Geyer et al., 2000; Wheatcroft, 2000).  On the Eel shelf, as with many shelves, very little of the fine sediment accumulates on the inner shelf (~10%; Crockett and Nittrouer, 2004), but all of the terrestrially derived sediment must pass through this region.  

During flood stage, the Eel River plume and its sediment load are confined to the inner shelf (<50 m depth) and thus the plume is decoupled from the mid-shelf mud deposit (Geyer et al., 2000), which is located seaward of the 50-m isobath.  The structure and position of the Eel River plume were observed during numerous floods and found to be confined within ~ 7 km of the shore, and to flow northward under wind forcing in the same direction.  The flocculated fine sediment settling from the plume was deposited within 10 km of the river mouth, while the largely unflocculated sediment was transported as much as 30 km northward along the coast (Geyer et al., 2000; Hill et al., 2000).  Additionally, complex density interactions between the fresh plume and the underlying coastal water may act to bring sediment particles to the seabed (McCool and Parsons, 2004).  Plume delivery of sediment is a combination of settling by rapidly flocculated particles and buoyancy-driven circulation dynamics, and all of these processes occur over the inner shelf. Only small amounts of sediment are transported by the plume beyond the inner shelf.  The inner shelf is also a zone of fluid-mud formation, due to intense wave shear stresses (Traykovski et al., 2000) and the potential for focussing the supply of sediment settling from plumes (Ogston et al., 2000). 

The results observed on the Eel shelf suggest a sediment transport system far different than previously envisioned.  The mid-shelf mud deposit is not formed by sediment supplied from an overlying sediment-laden plume.  The plume occurs shoreward of the mud deposit and secondary processes (e.g., gravity-driven density flows, seaward sediment flux) move sediment laterally from the inner to the mid shelf.  Understanding the mechanisms operating on the inner shelf could increase our understanding of seaward sediment flux and help close short-term sediment budgets.

The mid shelf is commonly a site of net sediment accumulation.  Boundary shear stress is decreased at mid-shelf depths, and thus on the mid shelf, the mud deposit that forms is relatively stable because it occurs in a location where the net supply of sediment exceeds the net removal due to physical processes (Fig. 4.6b).  Mud that has temporarally resided on the inner shelf or derived from river discharge is transported to the mid shelf and accumulates in zones of flux convergence.  Subsequent resuspension and redistribution of sediment occurs during seasonal events (e.g., winter storms in temperate latitudes or intensified trade-wind seasons in tropical latitudes).  However, in the long term, located below the depth of continuous resuspension yet close to sediment input, the mid shelf is where deposits tend to be preserved.  Sediment and associated chemical components can be buried and removed from the system (Middelburg and Soetaert, this volume), as well as undergo diagenesis.  The mid shelf also may be the recipient for downslope gravity-driven density flows that are formed on the inner shelf (Traykovski et al., 2000; Scully et al., 2002), and transported to the mid shelf where the deeper water depths and gentler slopes inhibit continued maintenance of high-concentration flows.

On shelves with rapid sediment accumulation (>1 cm/y), morphologic features known as clinoforms are created in response to across-shelf variations in sediment supply and shear stresses (Fig. 4.6c).  Even in regions of great sediment supply, wave and tide activity in shallow regions (topset beds) inhibits deposition and displaces the sediment farther seaward.  At greater water depths, shear stresses decrease and allow rapid sediment accumulation, thus creating foreset beds that prograde seaward (Fig. 4.7b) (Walsh et al., 2004).

3.2.2.  New Insights on Mid-Shelf to Slope Sediment Transport

The mid-shelf deposit makes sediment available to the offshelf dispersal system, through processes that can resuspend and deliver the sediment to the open slope and submarine canyons.  Continental slopes are generally below the depth of wave reworking and are characterized by hemipelagic sedimentation, the slow fall of particles from nepheloid layers. The presence of bottom and intermediate nepheloid layers has been well documented over most continental slopes, providing a mechanism that links mid-shelf deposits to slope deposition.  The formation of nepheloid layers has been connected to wave resuspension on the shelf and detachment of bottom turbid layers at the shelf break (Hickey et al., 1986; Nittrouer and Wright, 1994; Walsh and Nittrouer, 1999).  This detachment commonly occurs along isopycnal surfaces (Drake et al., 1976; Pierce, 1976).  Internal wave dynamics (Brink, this volume), can lead to internal wave breaking at critical angles on the slope and subsequent injection of particles on isopycnal surfaces (McPhee-Shaw et al., 2002).  Internal waves operating in this manner have been proposed as a mechanism controlling the gradient of the continental slope.  The internal waves would control deposition and erosion, keeping the continental slope at the critical angle (Cacchione et al., 2000).

Submarine canyons act as significant conduits for sediment transferred from the continental shelf to the deep ocean, through the action of turbidity currents.  Based on analysis of turbidite stratigraphy, it has been thought that canyons were primarily active in transporting sediment at low stands of sea level when rivers discharged near the shelf break (directly supplying sediment to canyon heads).  Turbidity currents in canyons generally have been inactive during the present sea-level high stand (e.g., Griggs and Kulm, 1970; Carson, 1971, 1973).  

Studies of flow conditions and sediment transport in several submarine canyons have shown that canyons may be more active in transporting modern sediment seaward than previously thought (e.g., Gardner, 1989; Kineke et al., 2000; Mullenbach and Nittrouer, 2000; Puig et al., 2000).  Observations indicate that large quantities of sediment are transported downslope via gravity-driven density flows (e.g., Monterey Canyon, Johnson et al., 2001; Sepik Canyon, Kineke et al., 2000, Walsh and Nittrouer, 2003; Eel Canyon, Puig et al., 2003).  These canyons characteristically occur on narrow and steep shelves, with few estuaries, and close to a sediment source.  Sediment provided to the heads of canyons in modern environments originates on the continental shelf where reworking of mid-shelf deposits during storms can transport sediment alongshelf over heads of canyons that incise the shelf.  Alternately, sediment can be directly supplied to canyon heads through gravity-driven density flows originating at nearby river mouths.  Puig et al. (2003) found gravity flows to occur in the Eel canyon contemporaneously with storms felt on the shelf, but not correlated with river discharge events.  There are many canyons worldwide that fit this description and the role of modern canyons in cross-margin transport is being re-evaluated (see Parsons and Nittrouer, this volume).  

3.3.  Temporal Variation in Mechanisms – Seconds to Episodic Events

Processes in the bottom boundary layer vary on multiple scales, causing fluctuations in shear stress, sediment resuspension and subsequent transport.  These processes can be examined over time scales that range from turbulent fluctuations to interannual and episodic scale events.  As discussed above, particles are influenced by a range of processes, depending on the forcing and the spatial regime, each of which has its own time scale (Table 1): river-plume trajectory, mixing dynamics of the plume, shear stresses due to wind-driven currents and waves, and mean and low-frequency circulation.  Much progress has been made in sediment-transport studies with observational data provided by instrumentation capable of sampling at very high frequencies and resolutions.  These short-term studies have been combined with observations on longer time scales, and are beginning to provide new insights about the connections between processes and strata formation.    

3.3.1  New Insights on Interannual Fluctuations in Sediment Transport Climatology

It has long been recognized that seasonal patterns such as stormy winters/quiescent summers in temperate regions and tradewind/monsoon seasons in tropical regions determine when sediment is discharged and how it is redistributed.  Seasonal patterns of water-column structure also influence plume interactions, flocculation dynamics, and frontal or convergent circulation patterns that affect the transport mechanisms of sediment.  Most observational studies have been performed over shorter periods of time (weeks to months), and the connection to longer-term depositional features are then extrapolated from these shorter records.  Processes that range from high-frequency waves and tides to seasonal wind-driven events are presently being modeled with successful results.  

A five-year record of sediment dynamics on the Eel shelf (as part of the STRATAFORM project) provides a look at longer time scales, which may have impact on our interpretation of shorter-term observations (Guerra, 2004; Ogston et al., 2004).  This study showed that low-frequency motions are overlain on seasonal cycles, and play a significant role in determining the fate of shelf sediment.  Earlier physical oceanographic studies have shown the importance of large-scale circulation features (mesoscale processes) with low-frequency time scales (Largier et al., 1993; Washburn et al., 1993), as well as interannual to decadal cycles (Table 1).  These longer-term cycles cause variability in the strength and direction of storm-driven waves and currents for any specific region as well as the magnitude and timing of sediment delivery to the marine environment, with the result that net sedimentation in a single year (or over a specific experiment period) is potentially different from the long-term sedimentation pattern.  

For example, on the Eel shelf, the frequency structure of the five-year record of sediment flux showed significant spectral energy of sediment flux in both the very low frequency band (VLF, with periods from weeks to months) and annual band (with periods of years)(Fig. 4.8a, b).  Not only did the strength and frequency of physical events, including storms and river floods, and duration of the active winter season vary interannually (Guerra, 2004), but the net alongshelf direction of sediment flux for annual cycles varied from year to year over a five-year period (Fig. 4.8c) (Ogston et al., 2004).  In addition to higher-frequency processes (e.g., tides, winds), the VLF band appears related to mesoscale circulation features, which have been observed by Largier et al. (1993) and modeled by Pullen and Allen (2000), and exert significant control on net sediment flux convergence and divergence.   As yet, no observational studies have been performed that cover time scales that span decadal oscillations.  However, these extended studies likely will provide the key to relating shelf processes and the preserved sedimentary record.

<<insert fig 4-008>>

3.3.2 New Insights Regarding Temporal Relationships among Sediment Supply, Transport, and Deposition

Not only is the frequency structure of processes important in the transport and deposition of sediment but the relative timing between these processes is important.  In terms of the sediment supply, the river hydrograph (including the variability and episodicity of discharge) is chiefly determined by the size of the drainage basin, geographical location, and climate oscillations inducing rainfall and snowmelt.  The energetic processes in the ocean basin, as discussed above, have time scales of variability that range from seconds (e.g., waves) to decades (e.g., ENSO oscillations).  The interactions of these fluvial and marine processes control the sediment response.

The oceanic conditions at the time of fluvial discharge events are key factors determining the transport mechanism and resulting sedimentary deposit (Fig. 4.9).  For example, floods in mountainous rivers with small drainage basins occur almost simultaneously with energetic conditions in the ocean, so that an abundant supply of sediment and highly energetic conditions on the inner shelf are concurrent.  Comparison of the Columbia River discharge on the Washington-Oregon coast and the Eel River discharge from northern California illustrates the importance of timing on shelf sedimentology.  The Columbia River drains 670,000 km2 and the hydrograph shows floods twice per year (Fig. 4.9a), during the winter rainy season and the spring snowmelt season.  During the winter flood, winds force the plume northward along the coast and sediment is discharged to the shelf during both calm and energetic conditions.  During the spring flood, northerly winds transport the plume several hundred kilometers offshore and southward (Barnes, et al., 1972).  This occurs during relatively calm conditions when sediment can settle from the plume near the discharge location.  Thus, over an annual cycle, sediment can be deposited over a large geographic region emanating from the river mouth, but the mid-shelf mud deposit reflects deposition near the river mouth and redistribution northward during winter storms (Fig. 4.9c)(Smith and Hopkins, 1972; Sternberg et al., 1972).  Approximately seventy percent of the sediment discharged from the Columbia River can be found in this deposit (Nittrouer, 1978; Sternberg, 1986).

<<insert fig 4-009>>

In contrast, the Eel River, 500 km to the south, has a small, low-elevation drainage basin (9500 km2).  As a result, the river floods quickly in response to winter storms and intense rainfall and each flood only lasts a few days (Fig. 4.9b).  River floods and associated sediment discharge occur contemporaneously with the winter cyclonic storms that sweep the shelf.  Southerly winds force the river plume northwards against the coast and the sediment load of the Eel River settles out of the plume on the inner shelf (<50 m water depth) and within 10-30 km of the river mouth.  At the same time, energetic conditions keep sediment in motion near the seabed, and creates convergent conditions vital for fluid-mud formation.  Seaward transport moves sediment to the mid shelf, where much of the Eel sediment is dispersed beyond the shelf break (either delivered to the Eel Canyon or through nepheloid layers on the slope).  This results in a distinct mid-shelf flood deposit disconnected from the river mouth, which contains only approximately twenty percent of the sediment discharged during the flood event (Fig. 4.9d) (Sommerfield and Nittrouer, 1999).

This comparison illustrates that in addition to all of the individual processes that contribute to shelf sediment distribution, resuspension and flux, the relative timing of these processes is likewise important.  Ultimately, coastal oceanographers will be able to build on these concepts to construct an understanding of how the infinite variations on coastal morphology develop.   

4.  Conclusions
Understanding of sedimentary processes using boundary-layer theory has advanced considerably in recent years, and comprehensive results are being incorporated into modeling efforts that provide insight into the relationship between active sediment-transport processes and the development of shelf sedimentary deposits.  Concepts of shelf sedimentation are changing in light of new information garnered from recent studies, with special attention paid to the long-term variability and the shelf-wide coupling of processes, in particular, 

· fluid mud (gravity-driven density flows of sediment) can be formed in a range of shelf environments and may transport vast quantities of sediment in the across-shelf direction, 

· fluvial sediment must pass across the inner shelf, which represents a region of temporary sediment reprocessing that controls the supply mechanisms to deeper portions of the shelf,

· submarine canyons can be active during high stands of sea level, and might be a locus of gravity-driven density flows in modern times, moving sediment from the shelf environment to the deep sea,

· longer-term processes that have interannual variability and those associated with mesoscale circulation have a major influence on net sediment flux,

· the relative timing of processes has a strong influence on how they combine to cause shelf transport and ultimate deposition.
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Table 1.  Physical processes considered in the discussion and evaluation of sediment transport (after Mooers, 1976).

	Process
	Time Scale


	Alongshelf Scale (km)
	Across-shelf Scale (km)

	Long Term (e.g., decadal, El Nino, interannual)
	years(decades
	103(104
	margin width

	Low-frequency flows, e.g.:

Wind (including coastal trapped waves)

Buoyancy-driven flows *

Discharge plumes and fronts
	days(weeks

days(months

days(months
	102(103
102(103
~102
	shelf width

101(102
101(102

	Tides *
	semidiurnal( diurnal, fortnightly
	103(104
	margin width

	Surface-gravity waves *
	tens of seconds
	~10-1
	10-2(10-1


* see Brink (this volume) for further discussion.
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