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ABSTRACT

DYNAMICAL SEDIMENTARY MODELS 
OF SHALLOW MARINE ENVIRONMENTS

Yong Zhang 
Old Dominion University, 2001 
Director: Dr. Donald J. P. Swift

This treatise represents a contribution o f  quantitative, dynamical sedimentary 

modeling to the analytical understanding o f sedimentary processes in shallow marine 

environments. The dynamical sedimentary models in this treatise numerically simulate 

the sedimentary processes from an event time scale, based on the fundamental physics of 

sediment dynamics in coastal and shelf depositional environments, to a longer, facies 

time scale. The simulated geologic processes serve to the illustrate shoreface equilibrium 

profile, shelf storm bed generation, and the shelf sedimentary facies system.

This treatise presents a nearshore profile evolution model for the abandoned 

Huanghe Delta, a two-dimensional storm deposition model, and a sedimentary facies 

model for the northern California continental shelf. These process-oriented geologic 

simulations are particularly well-suited for experimentation and sensitivity analysis 

because o f their computational power. The dynamical sedimentary models support the 

progressive sorting and stratal condensation hypotheses for facies formation. The 

application o f the models leads to significant geologic insights and dynamical 

understanding of the shallow marine sedimentary processes that traditional, descriptive 

sedimentology and stratigraphy are not able to provide.
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CHAPTER I 

INTRODUCTION 

GEOLOGIC PERSPECTIVE

Extensive existence of shallow marine deposits in geologic records demonstrates 

the importance o f coastal and shelf as sites of sediment deposition and accumulation. 

Rigorous sedimentation studies o f modem shallow marine environment began in the 

early o f last century (Johnston. 1919; Shepard, 1932; Emery. 1952). Various sedimentary 

facies models have been proposed to demonstrate the phenomena and processes o f 

sedimentation (Curray, 1960. 1964; Swift. 1970. 1974) in modem shallow marine 

environment. The construction and use o f morphological or facies models for the 

interpretation o f sedimentary environments have been adopted by many geologists in 

recent years (Reading. 1986; Walker and James. 1992). However, these existing models 

are descriptive, searching for the processes that control facies and geometries by 

comparison o f modem and ancient depositional environments, and interpreting 

sedimentary phenomena and processes by analogy and pattern-matching techniques. New 

methods for the analysis o f shallow marine sedimentation are required that will provide a 

more systematic, quantitative, and analytic approach to the sedimentary deposits at 

successive temporal and spatial scales. Quantitative, dynamical modeling based on the 

fundamental physics o f sediment dynamics is needed to simulate dynamical interaction o f 

the sedimentary processes, and define the relevant responses o f depositional systems.

The model journal for this dissertation is Marine Geology
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This treatise contributes a suite o f dynamical sedimentary models for the analysis 

o f sedimentary processes in the shallow marine environment. Environments to which this 

treatise refers include coastal and shelf siliciclastic sedimentary environments. The 

numerical simulations represented here begin with the sedimentary processes at a single 

event time scale and are based on the fundamental physics o f sediment transport in the 

depositional environment. They then are extended to the depositional responses at a 

longer, facies time scale. These process-oriented simulations are particularly well-suited 

for experimentation and sensitivity analysis because o f their computational power. The 

dynamical sedimentary models lead to significant geologic insights and dynamical 

understandings o f the shallow marine sedimentary processes that traditional, descriptive 

sedimentology and stratigraphy cannot easily provide or prove.

PROBLEMS EXAMINED

The Equilibrium Profile On Muddy Coast

It has been known since the turn o f the last century that the nearshore profile is in 

some sense an equilibrium response to the hydraulic regime o f nearshore waves 

(Fenneman. 1902; Johnson. 1919; Dietz. 1963; Moore and Curray. 1964; Dean. 1991; 

Horn. 1992; Roelvink and Broker. 1993; Niedoroda et al.. 1995). An ideal nearshore 

profile takes the form o f an exponential curve, concave upward, with the steeper inner 

segment being known as the shoreface. and the more gentle outer limb forming the inner 

shelf floor. However, most previous studies o f coastal profile were conducted on sandy 

coasts. Few studies on the evolution of a muddy profile have been conducted. It has been 

recognized that muddy, or cohesive coasts are fundamentally different from sandy coasts
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in their sedimentary processes (Davidson-Amott, 1986; Kamphuis, 1987; Yu et al.. 1987; 

Zhang et al, 1989; Naim and Southgate, 1993). On open cohesive coasts, the cohesive 

sediments on sea floor are resuspended into the water column by nearshore waves. The 

reworked cohesive sediments in suspension mode are dispersed far away by tidal currents 

owing to their very slow settling velocity, and are rarely redeposited in their original 

places. On the cohesive coasts o f the Great Lakes, for instance, the coastal evolution is 

dominated by an irreversible erosion (Skafel and Bishop, 1994; Davidson-Amott and 

Ollerhead. 1995).

Extensive muddy coasts exist in the delta depositional environment. Repeated 

river avulsion, leading to a cycle o f growth and abandonment o f successive deltas, is a 

characteristic o f most delta systems. Large subdeltas form and are abandoned within 

2000 years, whereas the small subdeltas exhibit life cycles o f 200 years or less. A 

dynamical analysis o f the equilibrium profile in the delta deposional environment and 

simulation of the steady-state geomorphic system will aid further understanding of the 

evolution o f delta depositional systems, and therefore, the processes o f continental 

margins.

Storm Bed Generation on the Continental Shelf

One of the important sedimentation modes in shelf depositional environment is 

event deposition during storms. On storm-dominated shelves, sedimentary textures and 

structures are constructed at the event scale, on the order o f a few hours, or days duration. 

Storm sedimentation on continental shelves is mainly a response to wind-driven current 

and bottom oscillatory flow induced by surface water waves during storms (Swift et al.. 

1986; Duke et al., 1991). Depositional system on storm-dominated shelves are defined by
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their grain size, and the pattern o f  stratification (Seilacher, 1982). So far, few 

quantitative, dynamical studies o f storm bed simulation have been conducted by applying 

the basic physics o f sediment dynamics in response to storm-driven currents and wave 

oscillatory flows. The first attempt to simulate the formation o f a storm bed succession 

was undertaken by Niedoroda et al. (1989). In this simulation, the storm bed formation is 

described by a 1-D sediment resuspension model in which the gradient o f horizontal 

sediment flux is assumed to be zero. An arbitrary, time-averaged net sediment 

accumulation rate is introduced in order to simulate the preservation o f beds. A prior time 

history o f storm events, which is one realization of a stochastic storm wave climate, is 

used as input data for the model.

Thome et al. (1991) modified the model o f Niedoroda et al. (1989) by introducing 

the effect o f sediment armoring to simulate the storm bed generation. The storm bed 

thickness is seen to have an empirical power function related to the storm return period. 

The coefficients in this relation are not mutually independent but vary simultaneously. 

Both models assume that the thickness o f storm bed is always equal to the bottom 

sediment erosion depth, since the gradient o f horizontal sediment flux is considered to be 

negligible during storms. Thus the net sediment accumulation, which is o f most 

significance for bed preservation, is considered to be non-storm in origin. The reworking 

ratio, a parameter presenting the ratio o f minimum bed thickness to the net sediment 

accumulation per storm event, is proposed to describe the degree o f storm bed 

preservation (Thome et al., 1991).

Strata formation on storm-dominated continental shelves is composed o f two 

fundamental, episodic, sedimentary processes, i.e., storm bed generation and storm bed
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preservation. Storm beds are generated at water-sediment interface. Their formation is 

governed by the independent, time-variant, and random storm events characterized by 

such elements as storm type, intensity, location and trajectory, and by the bottom 

sediment-related boundary conditions caused by preceding storm event or by other 

factors (for example, river flooding).

Sedimentary Facies on the Continental Shelf

Few event deposits on continental shelves, however, can survive without 

modification. Most o f each deposit will be resuspended and redeposited partly or totally 

by subsequent storms or other events. Only those event beds that have not been totally 

eroded are preserved as components in strata. Event bed preservation is very important 

in facies formation. The main factor governing the event bed preservation on continental 

shelves is net sediment accumulation (Nittrouer and Sternberg. 1981: Thome et al.. 

1991). Observations o f storm sedimentation on different modem continental shelves 

show that there is a significant amount o f sediment transport occurring during storms in 

comparison with that during fair weather (Cacchione and Drake, 1982; Cacchione et al.. 

1987; Wright et al., 1986, 1991. 1994: Gross et al., 1992; Madsen et al.. 1993; Green et 

al.. 1995). Significant suspended sediment fluxes were observed during storms resulting 

in net (positive or negative) sediment accumulation. This net sediment accumulation, 

including that caused by bedload transport, is a key contribution to the preservation o f 

beds. A storm acts not only as an agent for generation o f a graded storm bed but also as a 

factor for preservation o f preceding storm beds. A single storm can generate a bed. The 

extent to which this bed is preserved in the bed succession, however, depends completely
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on the discrete, random, net sediment accumulations generated by subsequent storm 

events. Thus, the results o f an event bed generation model should include not only the 

formation o f an event bed, but also the net sediment accumulation as an estimate o f the 

contribution for preservation of preceding deposited beds. The storm-driven horizontal 

sediment flux should be formulated in modeling o f facies formation on storm-dominated 

continental shelves in order to calculate the random sediment accumulation. In this case, 

a two-dimensional spatial frame is the minimum requirement for the process-related 

modeling o f sedimentary facies.

The facies formation process is modeled as a dispersal system that relates input 

and output. On storm-dominated continental shelf, storms are certainly main inputs for 

this system. Because of the random nature o f storms, this system is definitely a stochastic 

system, and its outputs, such as bed thickness, grain size, and net sediment accumulation, 

must also be stochastic variables. The random nature o f the system restricts the 

simulation and prediction o f real storm bed succession. When an event creates a bed on 

continental shelf, it will simultaneously destroy or modify previous deposited beds by 

erosion, particular during storms. As beds undergo burial, the degree to which they are 

preserved in bed succession depends not only on the intensity of the erosion, but also on 

the time series of events. For example, for any probability density distribution of storms 

(storm climate), there are many different realizations. Each realization can produce a 

unique bed succession. Thus, event bed preservation on continental margin behaves as a 

complicated, highly random process.

A depositional system has been defined as an assemblage o f process-related 

facies (Fisher and McGowen, 1967). These facies, characterized by the differentiation of
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sedimentary textures and structures, are simultaneously deposited in a dispersal system 

(an assemblage of flow-linked depositional environments, see Swift et al., 1991). Facies 

differentiation on a modem storm-dominated continental shelf has been recognized by 

many authors (Kulm et al., 1975; Swift et al., 1978, Swift and Field, 1981; Aigner and 

Reineck, 1982; Allen, 1982). The concept o f progressive sorting proposed by Russell 

(1939) has been used by Swift et al. (1972. 1991) to interpret the process that causes the 

cross-shelf differentiation of sedimentary texture on continental shelf. The deposited 

sediments are differentiated by grain size as sediment moves down a dispersal pathway 

during intermittent transport events, due to the higher probability of deposition of coarser 

grains. The energetic proximal environment will retain the coarser particles. The finer 

particles will be preferentially bypassed to the distal depositional environment. Thus, the 

grain size will vary systematically from proximal to distal environments. In addition to 

the progressive sorting, stratai condensation is also an important control o f facies 

differentiation. The concept o f stratai condensation, which can be defined as the ratio of 

preserved deposition to generated deposition, stems back to the concept o f the 

completeness o f sedimentary sequences proposed by Crowley (1984). In his numerical 

experiment, he thought that the preservation o f sedimentary events acts as a low-pass 

filter to initial event beds. This low-pass filter gives rise to the temporal and spatial 

completeness o f sedimentary sequences. The temporal completeness is defined as the 

ratio o f the number of time lines preserved in a sedimentary sequence to the number of 

time lines generated during deposition. The spatial completeness is defined as the ratio of 

the thickness o f sedimentary column to the total thickness o f column generated during 

deposition. These concepts are proposed to present a quantitative measure on
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preservation process. Obviously, the cross-shelf variety o f  the strata condensation will 

result in the facies differentiation. Even though the progressive sorting and the stratai 

condensation are thought to be responsible for the formation o f facies differentiation on 

continental margin, few attempts have been undertaken to test these hypotheses. These 

concepts are very difficult to test by field observation or application of traditional 

conceptual facies models due to lack of the power to simulate the dispersal system, i.e., 

the depositional environments in which the facies are formed.

APPROACH

This treatise presents three quantitative, dynamical sedimentary models for 

simulating and predicting sedimentation processes and sedimentary systems. Each of 

three models has been published in the open literature (Zhang et al.. 1997. 1998. 1999).

The models are focused mainly on the problems described above. All these 

models are based on sediment dynamics, including both cohesive and non-cohesive 

sediments, on shallow marine environments. The abandoned delta o f the Huanghe River 

in China is selected as one the study areas to deal with the problem o f the equilibrium 

profile in a nearshore shallow marine setting. The northern California shelf is selected for 

the analysis o f storm bed generation and sedimentary facies on storm-dominated 

continental shelf. The application o f these models brings a new understanding and insight 

into sedimentary processes and sedimentary system responses in shallow marine 

environments, and the models serve to validate hypotheses that traditional facies models 

cannot adequately test.
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Chapter II presents a quantitative, dynamical model for simulating and predicting 

the evolution o f the nearshore muddy profile on the abandoned Huanghe Delta, which has 

been undergoing severe erosion since the shift o f the Huanghe River in 1855. The model 

computes the wave-induced bed shear stresses on the muddy profile, and therefore 

calculates the erosion rate on surface cohesive sediments. The sea level fluctuation 

caused by the oceanic tide plays an important role in re-distributing the wave force and 

hence the sediment transport. This factor is introduced into the model. The steady-state 

nearshore muddy profile is simulated as a response to the average erosion rate o f the local 

wave climate. However, at longer time scales, the averaged erosion rate is significantly 

influenced by the surface sand armoring and the vertical increase with depth o f cohesive 

sediment consolidation during coastal erosion, leading to an irreversible evolution of the 

muddy profile. The Effective Scouring Wave, derived from local wave climate, is 

proposed to quantitatively incorporate these time-variant geological influences. The 

evolution o f the muddy profile is determined by the change o f the Effective Scouring 

Wave climate. The eroding muddy coast exhibits a monotonic, concave upward profile, 

whose curvature increases as the coastal erosion continues. The maximum curvature of 

the profile lies below the mean low tidal level. As the erosion continues, the maximum 

curvature moves down and shoreward. The position o f the maximum curvature o f the 

nearshore muddy profile can be used to estimate the evolutionary stages o f the muddy 

coast. On the northern abandoned Huanghe Delta, the muddy profile approaches an 

equilibrium configuration when the maximum curvature reaches down to a water depth of 

about 6 m below the mean sea level. The model reveals a  dynamical geomorphic system 

as a response to the abandonment on the Huanghe Delta. Similar patterns and
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evolutionary processes may be generalized to erosional muddy coasts in other shallow 

marine settings.

Chapter III presents a two-dimensional, across-shelf sediment transport model 

developed to simulate storm deposition on continental shelves. The structure of the model 

and related algorithms are discussed in detail. In the model, the time-dependent sediment 

resuspension, transportation and deposition, and across-shelf transport gradients are 

simulated as responses to storm waves on the Eel shelf, northern California. The 

simulations show that the pattern of storm deposition on the sandy inner shelf is different 

from that on the muddy middle and outer shelf. Storm bed thickness decreases seaward 

across the inshore sandy zone as far as the 50-m isobath. Farther seaward, storm bed 

thickness increases as the mud component in the sea floor increases, then decreases 

again, as the weakening o f bottom wave motion with increasing depth becomes the 

dominant control. Storm bed thickness in the mud zone thus has a nearly symmetrical 

cross-shelf pattern, with the maximum thickness at a water depth o f 70 m. The pattern 

suggests that while the sequence o f new beds found in February of 1995 on the Eel shelf 

may have been flood-sourced, their geometry reflects storm resuspension and transport. 

The new muds found in these beds may have been reworked, transported and redeposited 

several times by storm waves and other oceanic forces.

Chapter IV represents a quantitative dynamical model developed to simulate the 

sedimentary facies on the northern California shelf. In the model, dispersal mechanisms 

at small time scales are described by deterministic sediment-transport equations. 

However, at large time scales, the shelf dispersal system is described in probabilistic 

terms owing to its stochastic behavior. The probability o f  storm-bed generation is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

described by the bed generation potential, Pg, which is determined by the probability 

density distribution function o f the local storms. The bed preservation potential, Pp, 

valued between 0 and 1, is a parameter that describes the probable thickness o f a storm 

bed that will be permanently buried in a bed succession. The extent o f bed truncation 

depends on the extent o f erosion and deposition caused by subsequent random storms. By 

estimating the preservation potentials o f all generated storm beds, the most probable 

storm-bed succession is predicted. The computations support the hypothesis that 

sedimentary facies are produced by the coupled mechanisms o f progressive sorting and 

stratai condensation on continental margins.
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CHAPTER II 

MODELING OF THE COASTAL PROFILE EVOLUTION ON THE 

ABANDONED DELTA OF THE HUANGHE RIVER 

INTRODUCTION

9
The Huanghe River discharges an average o f 1.1 x 10 tons o f  sediment into the 

sea annually (Qian and Dai. 1980), accounting for almost 10% o f the fluvial sediments 

reaching oceans in the world. During AD 1128-1855. the Huanghe River flowed partly or 

exclusively into the Yellow Sea. forming a major delta in Jiangsu (Fig. 1). After 1855. 

when the Huanghe River shifted over the Shandong Peninsula and flowed into the Gulf of 

Bohai. the balance between the fluvial and the marine processes was modified 

significantly due to the sudden loss o f the Huanghe sediment discharge. Consequently, 

the abandoned delta, composed mainly o f silt and clay with a mean grain size o f 7-8 0, 

has been undergoing severe erosion since then.

This chapter presents a dynamical model designed to simulate and predict the 

evolution o f the nearshore muddy profile on the northern abandoned Huanghe Delta. 

Shoaling waves are one o f the most important factors causing erosion on muddy coasts, 

particularly on the open coasts o f abandoned deltas (Coleman. 1988). In the model, the 

•induced bottom shear stresses on the muddy profile, and hence the erosion rate o f 

is calculated. One o f the important mechanisms in governing nearshore 

s on muddy coasts is the periodic shift o f surf zone due to the sea 

jy tide. It is o f  considerable importance in determining the cross-shore 

i wave force and hence the sediment transport. The sea level fluctuation is
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Fig. 1. Location o f the abandoned Huanghe River Delta.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

therefore introduced into the model. The steady-state muddy profile is simulated as a 

response to the average erosion rate o f the local wave climate. This average erosion rate, 

at long-time scales, is significantly influenced by the surface sand armoring and the 

vertical increase with depth of cohesive sediment consolidation. The concept o f the 

Effective Scouring Wave is proposed to numerically incorporate these influences. The 

evolution o f the muddy profiles, therefore, is simulated by the model with respect to the 

variation o f the Effective Scouring Wave climate. The model is used to predict the 

stability of the muddy profiles and the trend o f the coastal erosion in the northern 

abandoned Huanghe Delta.

WAVE-INDUCED SHEAR STRESSES ON THE MUDDY PROFILE

A two-dimensional coordinate system on a cross-shore section o f a plane profile 

is defined for the purpose o f this study (Fig. 2). The erosive force on a cohesive bed is 

usually characterized by flow-induced bed shear stress. The erosion rate o f cohesive bed 

is expressed as a function of the excess shear stress r -  rc (Mehta et al.. 1989: Teisson et 

al.. 1993). where r is  the bed shear stress and rc is the critical shear stress for erosion. The 

surf zone is the area with the most intense sediment transport because o f the high 

intensity o f turbulence caused by wave breaking (Fredsoe and Deigaard. 1992). In surf 

zone, the turbulent kinetic energy o f broken waves is produced in the surface roller as 

well as in the wave boundary layer at bottom (Battjes and Sakai, 1981; Basco. 1985; 

Deigaard et al., 1986). The energy loss due to wave breaking is much larger than that 

caused by the dissipation in bottom boundary layer (Svendsen, 1987). Eddy diffusivity is 

therefore much larger outside the wave boundary layer, so that more sediments can be
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carried in suspension away from bed. A stepwise regression analysis o f the relationship 

between the suspended sediment concentration and the simultaneously measured 

nearshore hydrodynamic regime (wave height, wave direction, tidal range, etc.) indicates 

that the breaking and broken waves are dominant forces controlling the sediment 

suspension on the northern abandoned Huanghe Delta (Zhang et al., 1989).

The occurrence o f different types o f breaking waves depends on the steepness o f 

incoming wave and nearshore slope. The surf zone similarity parameter, £ proposed by 

Battjes (1974), is used here to identity the types o f breaking waves in the study area. qo is 

calculated with respect to the incident wave height and the slope ratio based on the local 

average wave period o f 3.0 s in the study area (from the observation data o f 1961-1973 at 

the Lianyungang Ocean Observation Station). Fig. 3 demonstrates the results o f the 

calculation. The subaquatic slope o f a muddy coast is usually very gentle. In the northern 

abandoned Huanghe Delta, the nearshore slopes vary from 0.002 to 0.0005. A spilling- 

dominant situation occurs when £0 is less than 0.4 - 0.5 (Battjes, 1974). Fig. 3 indicates 

that qo is far less than that threshold, so spilling is the dominant breaking wave type in 

this area.

The turbulence of spilling is mainly caused by surface roller vortex (Peregrine and 

Svendsen. 1978: Basco. 1985: Deigaard et al.. 1986). As spilling propagates toward 

shore, the turbulence extends down to sea floor. The fluid field caused by spilling 

exhibits a quasi-stable state (Peregrine and Svendsen. 1978). Because o f the flatness of 

muddy profile, breaking waves are usually transformed into bore-like broken waves in 

extensive inner surf zone. The height o f these periodic broken waves decays gradually in 

surf zone. The linear wave theory has been widely used in the surf zone hydrodynamics.
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for example, the wave energy transformation, under the spilling condition (Battjes and 

Janssen, 1978; Thornton and Guza, 1983; Lippmann et al., 1996). Recently, Cox et al. 

(1996) found that the bottom shear stress caused by a spilling could be fairly well 

estimated by the linear wave theory. In the model, the broken waves are described by the 

linear wave theory as a first order approximation for estimating the wave-induced bed 

shear stress on the nearshore surface. The shear stress field over the entire surf zone is 

obtained by extending this assumption into the outer surf zone, based on the 

consideration that there is little difference for turbulence transport o f a spilling between 

inner and outer surf zone (Ting and Kirby. 1996).

The wave height decay o f spilling in a plane sea floor can be estimated by 

assuming that the wave energy becomes saturated everywhere within surf zone so that 

local wave height H  is a linear function o f local water depth h (Thornton and Guza. 

1982). i.e.. H/h = y. where y is  the breaker index. From their field measurements. 

Sallenger and Holman (1985) found that the y is not constant but varies between 0.29 to 

0.55. Based on the nearshore wave observations in Lianyungang o f the northern 

abandoned Huanghe Delta. Jin and Zhang (1983) have established an empirical equation 

to estimate the wave height decay in the surf zone with respect to the critical breaker 

water depth and the local water depth:

H 15 = OAShj,5 - 0 .3 5 /if1 ( / i f  -  / r 6) (1)

where H  is the one-tenth mean wave height in the surf zone, hb is the critical breaker 

water depth, and h is the water depth. The maximum bed shear stress during a wave 

period is expressed as r =  0.5pfwUb (Jonsson, 1966). Here, p  is the water density./,, is the
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wave friction factor, and w* is the maximum wave orbital velocity near bottom. So, the 

maximum bed shear stress expressed in terms o f shear velocity is:

where u*m is the maximum shear velocity, T is the wave period and k  is the wave number. 

Substituting Eq. 1 into Eq. 2 yields the cross-shore distribution of the maximum shear 

velocities in the surf zone with respect to various incident wave heights (Fig. 4).

One of the important mechanisms in governing the nearshore hydrodynamic 

processes on muddy coasts is the periodic cross-shore shift o f the surf zone due to tidal 

sea level fluctuation. It is o f considerable importance in determining the cross-shore 

distribution of the wave forces and hence the sediment transport on the muddy coasts of 

the abandoned Huanghe Delta. There are extensive tidal flats as a consequence of the 

very gentle nearshore slopes. For instance, with an average local tidal range o f 3.2 m and 

a nearshore slope o f 0.001, sea level change during the half period o f the local 

semidiurnal tide (6.2 hr) may result in a cross-shore surf zone shift o f 3,200 m. leading to 

a significant time-variant redistribution o f the wave-induced bed shear stress. As a result, 

the bed shear stress exhibits the character o f complicated time-dependence. which is a 

simultaneous response to the random incident waves and to the periodic tidal sea level 

fluctuation. The field data show that the sea level changes in the tidal cycles present an 

almost symmetric sinusoidal curve in the study area (Fig. 5). Thus, the variation o f the 

sea level can be expressed by a sinusoidal function. Therefore, the change of water depth 

h at an offshore distance x during ebb period is described by:

2 Tsh(kh)
(2)
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Fig. 4. Distribution o f the maximum shear velocity in surf zone. The solid lines are 

calculated from Eq. 2. and dotted lines are calculated from Eq. 4.
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where Te is the ebb period, m is the mean tidal range, S  is the slope ratio and x  is the 

offshore distance defined in Fig. 2.

The maximum shear velocity of broken waves shows a nearly linear decay in the 

surf zone (Fig. 4) so that its cross-shore variation can be approximated by a linear 

function. The decay parameter K' with respect to the incident wave height, Hb. is obtained 

through best-fitting on the linearized maximum shear velocity curves in Fig. 4. with the 

result that:

fC = -(0.0022 + 0.015Hh)

So. the maximum shear velocity in the surf zone is expressed by:

Substituting Eq. 3 into Eq. 4. the maximum shear velocity during semi-tidal cycle, 

for a given incident wave height, is:

L  *Hh
2 Tsh(khh)

(4)

=A + Bri (5)

where:

2 Tsfi(khh)
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where X  is the width of intertidal zone (Fig. 2). The term A represents the maximum shear 

velocity at the shoreline, at the time o f high tide. The term T] varies with time and 

distance from shore. By using the average wave period T=  3.0 s, the mean tidal range m 

= 3.2 m. the local semi-tidal period Te = 6.2 hr, the time-dependent maximum shear 

velocity is calculated by Eq. 5. The results are plotted in Fig. 6. As the incident wave 

height increases, the width o f the surf zone increases as well as the intensity o f the bed 

shear stress. As the sea level falls during ebb, the surf zone shifts seaward so that the 

intertidal zone is gradually exposed to air. For a given incident wave height, any location 

in the cross-shore profile undergoes a monotonic decrease o f the bed shear stress with 

time during ebb as long as the surf zone passes on it (Fig. 6). For flood tide, however, the 

reverse is true. The time series o f bed shear stresses is characterized by variation in space. 

For instance, at the time o f high tide (/ = 0), the middle o f the intertidal zone (xlX  = 0.5) 

is located outside the surf zone when the incident wave heights are less than 1.2 m so that 

no breaker erosion occurs. Whereas it will lie inside the surf zones when the incident 

wave heights are larger than 1.2 m. In this case, the erosion could start at the very 

beginning o f the ebb cycle. As the tide falls, the bed shear stress at the middle of 

intertidal zone, unlike that at the permanent submerged subtidal zone, will cease 

immediately at the time o f TJ2 owing to subaerial exposure. It can be concluded that the 

cross-shore bed shear stress is closely associated with the offshore distance, the tidal 

cycle and the random variation o f incident wave heights.
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WAVE-INDUCED EROSION RATES ON THE MUDDY PROFILE 

Erosion Rate Equation

The erosion rate on a cohesive bed is generally expressed empirically in terms of 

the excess shear stress (Mehta et al., 1989; Teisson et al., 1993). The equation o f erosion 

rate proposed by Partheniades (1965) has been widely used in the modeling o f cohesive 

sediment transport (Ariathurai and Krone, 1976; Ariathurai and Arulanandan. 1978; 

Nicholson and O'Connor, 1986: Mehta et al., 1989):

dE
—  =  M  
dt

^  = 0 
(it

( \-  11.
- 1 U. >

u. < «...

(6)

where E is the mass o f eroded cohesive sediments per unit area (kg/m*), M  is the erosion 

coefficient (kg/m:s) that is closely related to the physico-chemical properties o f cohesive 

sediment. «• and u-c are the shear velocity and the critical shear velocity for erosion 

respectively.

The bed shear stress varies periodically due to the oscillatory flow o f waves. 

Using ibm as the wave-period-averaged bed shear stress. Eq. 6 is integrated over a wave 

period. This yields:

E = M
r \

u..

V “ v  /
-1 At

where At is the duration o f the excess shear stress within a wave period. Introducing (1- 

u-Jii'm)T as an approximation o f At yields:
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Thus, the wave-period-averaged erosion rate on a cohesive bed is:

m

\
(7)

The total amount o f resuspended cohesive sediments during a semi-tidal cycle is:

where a  and /J represent the starting time and the ending time of erosion during an ebb 

cycle respectively. They are associated with the incident wave height Hb. the offshore 

distance .t. and the critical shear velocity w*c- Eq. 8 predicts the cross-shore variation of 

the time-variant erosion rates on a wave-dominated muddy coast under the conditions of 

tidal sea-level fluctuation. The value of u*m is given by Eq. 5.

Solution of Erosion Rate Equation 

Beginning time of erosion a

Water depth hx. at location .t at the time o f high tide, is defined by hx = xS. For a 

given incident wave height, if .r is located inside surf zone, erosion may occur at the 

beginning of ebb. whereas if it is located outside surf zone, erosion may only occur at the 

time when surf zone passes over it. Obviously, for the area where the water depth. hx, is 

greater than hb^m. the surf zone cannot reach that area even at the time of low tide. By 

Eq. 3. the beginning time of erosion a  is determined as:

(8)
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K < K  <h„+ma  = — cos 1 ( l  -  —(.r S -  hh )1 
It I m )

(9)
a  = 0 h x < hh

Ending time of erosion

The ending time o f erosion /J is mainly controlled by the excess shear velocity 

U'm'U’c- Erosion will cease as soon as u-m < u*c. During an ebb. u-m decreases owing to 

the seaward movement o f surf zone (Fig. 6). Eq. 5 o f u*m can be rewritten as follows:

u.m =a  + bc (10)

where:

V 2 Tsh(kh„) h„

K mb = --------
2 h„

c = cos
f  \m

Tv 'w

The shear velocity has a maximum value. ibmiLX = a+b. when c = 1 at the beginning time 

o f i = 0. Then, it decreases as c decreases with time. The minimum value o f shear 

velocity. u*mm. however, is dependent on the submergence time tx. In subtidal zone (Fig. 

2). tx = Te so that i(’min equals to a-b since c = -1. Nevertheless, in intertidal zone. tx is less 

than Te due to subaerial exposure. The value o f ii-mm is thus between a+b and a-b since |c| 

< 1. So. if fi is denoted as -c(tx). u-mm can be expressed as a-jib. Obviously, no erosion 

will occur when u-c > a-max- If w*c ^  a-fib. the erosion will proceed until the ending time
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of ebb tx. If a-fib < u*c < a+b, there must be a time during ebb at which u*m equals to u*c, 

implying the ending time of erosion. Therefore, j5 is determined as:

0 =  0 «... > a + b

P = — cos' 
K

u. — a
a -  fib < u.c > a + b 

«.t < a - f i b

( 1 1 )

Analytical solution

Under the conditions o f u-c < ibmta, the erosion duration can be grouped into four 

possible classes shown in Table I. Integrating Eq. 8 between limits with respect to four 

classes vields:

£  = £,-£, 
E, -  Ey

1
2

3
4

where:

E, = MT<
( l  2 Na -  au. -  u.

u:.
b~ u. 

+ -  + —
2u., Vc r - b 2

E,  =
MT f 2 (a1 -  au.t. — «;t. ) + b 1

2«.,
2 X i f  Nb1 —Aab — 2bu. 2

cos iV+ ------------------------
I 2“-c )

y l \ - N l

Au...
= arctg

( c i - b ) ^ l - N 1  ̂

(l + N b la 2 - b 1

where N  = (u*c-a)/b. £ j is identical with £2 except that the N  is displaced by D = l-2(x5-

hb)/m.
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Table 1

Erosion duration over ebb period

a

— cos ‘{l —— (x5 — hh) 
K { m

tx

k  L m I

— cos 
K

-i «... -  a
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Calculations

The critical shear velocity for erosion, u*c, is generally determined through field 

measurements or laboratory experiments (Ariathurai and Arulanandan, 1978; Parchure 

and Mehta, 1985; Gu et al., 1990; Mimura. 1993; Schunemann and Kuhl, 1993). In the 

flume experiments on the muds of Lianyungang at the northern abandoned Huanghe 

Delta. Huang and Sun (1985) found that varies from 0.49 cm/s to 5.33 cm/s as the 

bulk density o f the mud increases from 1.05 to 1.50 g/cm3. For the local Te = 6.2 hr and m 

= 3.2 m. the across-shore distribution o f erosion rates with respect to the incident wave 

height and the critical shear velocity are calculated by Eq. 8. The results are shown in 

Fig. 7. which lead to the conclusions that. 1) as the incident wave height increases, the 

erosion rate increases, the horizontal scale o f erosion expands, and the position o f 

maximum erosion rate moves seaward; 2) the discrepancy of the erosion rates between 

different incident waves increases seaward, and 3) the erosion rate decreases significantly 

as the resistance o f the mud to erosion increases. When i/*c reaches 5 cm/s. the erosion is 

negligible for the incident wave heights o f less than 1 m. This result confirms that the 

erosion of a well-consolidated muddy coast, for example, that o f an abandoned delta, is 

probably caused by stronger waves during storms.

MUDDY PROFILE EVOLUTION 

Expression of the Muddy Profile

On an abandoned delta, erosion processes govern the evolution of coast. At the 

northern abandoned Huanghe Delta, the coast is composed mainly o f  silt and clay with a 

mean grain size o f 7-8 0. The bottom cohesive sediments are resuspended by the
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Fig. 7. Distribution of the non-dimensional wave-induced erosion rates.
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nearshore breaking or broken waves, and are mainly dispersed away by the tidal currents 

in a suspension mode. Like the till coasts in the Great Lakes (Kamphuis, 1987), the 

eroded sediments are rarely redeposited in their original places, and the evolution of the 

muddy profile is dominated by an irreversible erosion (Yu et al.. 1987). Therefore, in the 

model, the local redeposition o f eroded sediments is disregarded and the coastal profile is 

considered to be fully determined by the cross-shore distribution o f erosion rates. The 

erosion rate E is characterized by a random variation because the bed shear stress is a 

random variable associated with a stochastic wave regime. The state of a muddy profile 

over a certain time scale is actually determined by a randomly varying wave series, rather 

than by a single wave class. Pilkey et al. (1993) pointed out that a stable nearshore profile 

is virtually controlled by wave climate in a given geological setting. For the cohesive 

coasts o f the Great Lakes. Davidson-Amott and Ollerhead (1995) also found that the 

muddy profile is determined by the cumulative wave energy. In this study, a steady-state 

muddy profile is considered to be controlled by the wave climate. Its pattern is 

determined by the average erosion rate Em of the wave climate. Em can be quantitatively 

described by the expected value of E with respect to a wave climate as:

where £(//*) is the erosion rate o f an individual wave class given by Eq. 8, P(Hb) is the 

probability density function o f the local waves just outside surf zone. Eq. 12 describes the 

cross-shore distribution of the mean erosion rate for a given wave climate, by which the 

shape o f a steady-state muddy profile is determined.

( 12)
0
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The Effective Scouring Wave

It has been recognized that muddy coasts are fundamentally different from sandy 

coasts in their coastal processes (Davidson-Amott, 1986; Kamphuis. 1987; Yu et al., 

1987; Zhang et al., 1989; Naim and Southgate, 1993). An erosional muddy profile is a 

response to a nearshore wave climate, rather than a single wave. However, not all waves 

can cause erosion. Fig. 7 illustrates that the critical shear velocity for erosion, u*c, plays 

an important role in controlling the erosion o f mud. On a muddy coast. u*e is a time- 

dependent variable. It is closely related to the physico-chemical properties o f cohesive 

bed that vary as coastal erosion proceeds. There are two fundamental geological 

processes that are mainly responsible for the variation of u*c during long-term muddy 

coastal erosion. In the first, the surface of mud bed becomes armored owing to wave 

winnowing as coastal erosion proceeds. Cohesive sediments are reworked by waves into 

sea water and then are dispersed away from nearshore zone by tidal currents. 

Nevertheless, coarse particles such as sands and biological debris will redeposit locally 

owing to their high settling velocities so that a coarse sediment layer is gradually formed 

over the mud bed. An overlying coarse sediment layer o f 10-15 cm thick has been found 

in the intertidal zone o f our study area (Fig. 8). The coarse layer becomes more resistant 

to erosion with time because it thickens as the coastal erosion proceeds. Thus the erosion 

can not reach down into the cohesive bed unless the whole coarse layer overlying it is 

being reworked. Only stronger waves can rework the whole sand layer and scour down 

into the cohesive bed below it. An intermittent thin sand and gravel layer overlying a 

cohesive bottom was also found on the glacial till coasts o f the Great Lakes (Kamphuis, 

1987). The protective effect o f  this coarse layer on the cohesive sediments below it has
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been studied by Kamphuis (1990), Bishop et al. (1992), and Skafel and Bishop (1994). 

Through the flume experiments, Kamphuis (1990) concluded that if  the surface granular 

material can be eroded, the cohesive sediments below it will also be eroded. If the 

granular material is stable, the cohesive sediments will not be eroded.

Secondly, as coastal erosion proceeds, the older muds that were deposited during 

the early stage of delta progradation, are progressively exposed to sea water. The farther 

the coast retreats and the deeper the shoreface downcuts, the older the exposed muds will 

be. Older muds usually have a higher resistance to erosion because o f the longer time of 

consolidation. Fig. 9 shows a vertical increasing distribution with depth of the bulk 

density in our study area. Similar distributions were found at the tidal flats o f the Wadden 

Sea (Schunemann and Kuhl, 1993). The bulk density of cohesive sediment is one of the 

most important parameters controlling the critical shear stress o f erosion (Migniot, 1968; 

Mehta et al.. 1989). A higher bulk density o f cohesive bed results in a higher critical bed 

shear stress for erosion, leading to a lower erosion rate. The vertical increased bulk 

density with depth in our study area will result in the decrease o f the erosion rate with 

time.

Therefore, at long-time scales, the range of waves that are able to cause erosion 

decreases with the change of sedimentary structure on sea floor. The erosion induced by 

small waves will cease as the profile evolves, and the muddy profile is progressively 

governed by higher waves. We define the wave that is capable o f generating erosion on 

muddy substrate as the Effective Scouring Wave. Its height is expressed as He. Effective 

Scouring Waves in a given area consist o f a frequency band within the spectrum o f local
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Fig. 8. Sedimentary features of Xiaodingang cross-section on the northern 
abandoned Huanghe Delta.
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waves, from a minimum value He,mm that increases with time as the coastal erosion 

proceeds, to a maximum value o f Hemax that is the maximum wave height in local wave 

climate during the period o f concern. The muddy profile o f Eq. 12 is thus rewritten in 

terms of the Effective Scouring Wave as:

Em = \ E ( H ' ) P r{H' )dHr (13)
«,.m-

where Pe(He) is the probability density function o f Effective Scouring Wave. Substituting 

Eq. 8 into Eq. 13 and considering the symmetry o f the tidal cycles (Fig. 5). a steady-state, 

wave-climate-averaged muddy profile, therefore, can be described by:

E = 2M  j
u.

II.

\-
-1 l - « ...

r J U.
Pe (He )didHt (14)

m /

Simulation

The time-variant He m,„ determines the variation o f the Effective Scouring Wave 

climate. However, it is hard to be estimated because o f the lack o f quantitative knowledge 

o f the mechanics behind the geological processes that affect it. In this study. Ht.mm is 

assumed to be a discrete, linear function with time, shifting from the high frequency, low 

energy waves toward the low frequency, high energy waves as the coastal erosion 

continues (Fig. 10). Thus. Eq. 14 is solved discretely as:

£ „ ( / )=  £
H

2A/J «.. A2
- 1 1 -

«..
«.

dt
m /

(15)

where j  is the time step corresponding to the successive stages o f  He.mm, and Pej(i) is the 

distribution law of the Effective Scouring Wave at stage o f j .
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The variation o f the Effective Scouring Wave is divided into eight stages (n = 8) 

in this study, which leads to an interval o f 0.5 m for each He.mm (Fig. 10). Pej(i) is 

obtained statistically from the wave height data o f 1961-1973 in the Lianyungang Ocean 

Observation Station at the northern Huanghe Delta (Fig. 11). The erosion coefficient M  = 

0.36x10"* kg/nr.s (Yu et al., 1990) is used. The erosion rates with respect to different 

Effective Scouring Wave climates are calculated by Eq. 15. The results are shown in Fig. 

12 and the relevant steady-state muddy profiles are illustrated in Fig. 13.

A steady-state muddy profile is related to a relevant Effective Scouring Wave 

climate. Fig. 13 demonstrates the evolution o f the muddy profiles as a response to the 

variation o f the Effective Scouring Wave climate. Several conspicuous features o f the 

muddy profile evolution are seen in Fig. 13. Firstly, the profiles exhibit a concave 

upward profile pattern. As the coastal erosion proceeds, the profiles become more sharply 

concave upward. The maximum curvature always lies below the mean low tidal level. 

Obviously, the horizontal position o f the maximum curvature is controlled by the 

maximum erosion rate caused by its relevant Effective Scouring Wave climate. Secondly, 

as the coastal erosion continues, the position o f the maximum curvature moves down and 

shoreward. leading to a steeping o f the sea floor on the shoreside o f  the maximum 

curvature and a flattening o f the sea floor on the seaside o f the maximum curvature. The 

width o f intertidal zone decreases correspondingly. Thirdly, the rate o f the profile 

evolution slows down as the Effective Scouring Wave becomes gradually restricted to 

higher energy, lower frequency waves. For instance, if the time spent on the evolution 

from the initial plane profile to profile 1, for which the Effective Scouring Wave consists 

of all waves in the local wave climate, is taken as a unit time, then the completion o f the
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Fig. 13. Evolution o f nearshore muddy profiles on the northern abandoned Huanghe 

Delta. The maximum curvatures of the muddy profiles are visually estimated.
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evolution from profile 7 to 8 needs 3,140 units of time (Fig. 11). This is because the 

Effective Scouring Wave, at that evolutionary stage, is composed o f  those waves with a 

wave height o f greater than 4.0 m and a frequency less than 0.03%. Finally, when the 

profile turns toward pattern 7 or 8, the position o f the maximum curvature tends to be 

stable because o f the much slower rate o f the profile evolution at this stage. The profile 

thus approaches a final stable state.

DISCUSSION

This model simulates and predicts the muddy profile and its evolution in the 

northern abandoned Huanghe Delta, in which the coasts have been undergoing severe 

erosion since the shift o f the Huanghe River in 1855. The model is constructed based on a 

theoretical framework in which the cohesive coast in the abandoned Huanghe Delta acts 

as a dynamical geomorphic system (Chorley et al.. 1984). A nearshore muddy profile can 

be regarded as a steady-state profile that is mainly governed by a wave climate. However, 

for long-time scales, the nearshore muddy profile constitutes an irreversible evolutionary 

process. This is mainly a consequence o f the time-variant nonlinearities o f the system due 

to surface sand armoring and consolidating of mud substrate. The concept o f the 

Effective Scouring Wave is proposed in order to quantitatively describe the effects of 

these geological nonlinearities in the system. By using the Effective Scouring Wave 

climate, the evolution o f the nearshore muddy profile can be simulated and the ending 

equilibrium state can be predicted.
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The data resulting from the field investigations o f the study area are used to 

confirm the model. At Xiaodingang (Fig. 14), the muddy coast still undergoes severe 

erosion. For example, during the period o f 14 years (1966-1980), the coastline at the 

mean high tidal level retreated 100 m, while the coastline at the mean low tidal level 

retreated more than 400 m, resulting in a reduction o f the width o f the intertidal zone 

from 900 m to 600 m, and the position of the maximum curvature moved down form 2.5 

m to 3.5 m below the mean sea level (Fig. 15). The shape o f the profile is equivalent to 

the theoretical profile 4 or 5 showed in the model (Fig. 13), which indicates that the 

evolution will continue, even though the erosion rate will be slower due to the thickening 

o f the armoring sand layer on the top o f the intertidal zone and the exposure o f the older, 

well-consolidated cohesive sediments below it.

An even longer observation was taken at Xiaowagang (Fig. 14). The profile had 

almost the same pattern as that in Xiaodingang in the early o f 1960's (Fig. 16). The most 

recent investigation shows that, after 28 years, the coastline at the mean high tidal level 

has retreated almost 200 m. and that in the mean low tidal level has retreated more than 

700 m. leading to a reduction of the width o f the intertidal zone from 900 m to 300 m. 

and a flattening of the profile in the subtidal zone. A downcutting o f 1.5-2.0 m has 

occurred in the subtidal zone during 28 years (Fig. 16).

At Dalukou (Fig. 14). however, the situation is different. Because it is located in 

the far end of the northern abandoned Huanghe Delta, and because a considerable amount 

o f sand has been provided by the erosion of nearby rocky bluff, the intertidal zone has 

almost been covered by sands. The sand layer extends down more than 1 m below the 

surface at the upper part o f the intertidal zone. The field survey illustrates that the
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maximum curvature o f the profile was located in about 4.0 m depth in 1936, and moved 

down to 4.8 m depth below mean sea level after 26 years o f erosion (Fig. 17). The 

erosion rate slowed significantly during two decades with the maximum curvature 

moving further down to 5.2 m depth. The shape o f the profile almost matches the profile 

pattern 7 in Fig. 13, implying that a stable, or equilibrium state has almost been 

approached in this area.

The behavior o f modeled coastal profiles on the abandoned Huanghe Delta is 

compatible with observations made on other delta coasts (Curray, 1969). Repeated river 

avulsion, leading to a cycle of growth and abandonment o f successive deltas (usually 

referred to as subdeltas) is a characteristic o f most delta systems. On the Mississippi 

Delta (Coleman. 1988). delta building occurs over several space and time scales. Large 

subdeltas (2.000 km3) form and are abandoned within 2.000 years, whereas the small 

subdeltas (200 km3) exhibit life cycles o f 200 years or less. The muddy western 

Louisiana coast, downstream from the Mississippi Delta has a history o f intermittent 

progradation, that is at least partly controlled by the growth cycles o f the delta to the 

west. Similar cycles o f progradation and erosion characterize the muddy coasts west of 

the Amazon Delta (Wells and Coleman. 1981) and west o f the Ord Delta of Australia 

(Rhodes. 1982). and patterns of coastal profile re-establishment, similar to those observed 

and modeled in the abandoned Huanghe Delta region, may be expected in these areas 

also.
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CONCLUSIONS

This chapter presents a dynamical model designed to simulate and predict the 

evolution o f the nearshore muddy profiles in the abandoned Huanghe Delta. The 

mechanism of tidal sea level fluctuation in re-distribution o f the wave-induced bed shear 

stress has been accounted for in the model. The cohesive coast in the study area behaves 

as a dynamical geomorphic system. A steady-state muddy profile is determined by the 

average erosion rate o f the local wave climate. However, at long-time scales, the wave- 

induced erosion rate is significantly influenced by surface sand armoring and the vertical 

increase with depth o f consolidating o f the muddy substrata. The concept of the Effective 

Scouring Wave is proposed to quantify these time-variant geological influences. Using 

this concept, this model simulates the evolution o f the nearshore muddy profile and 

predicts the ultimate steady-state configuration o f the muddy profile in the northern 

abandoned Huanghe Delta.

Profiles on eroding muddy coasts are exponentially curved and concave upward. 

The degree o f curvature increases as the coastal erosion continues. The maximum 

curvature of the profile lies below the water depth o f mean low tidal level. As erosion 

proceeds, the position of the maximum curvature o f profile moves down and shoreward, 

resulting in a steeping o f the sea floor shoreward o f the position o f the maximum 

curvature, and a flattening o f the sea floor seaward o f the position o f the maximum 

curvature. As the coastal erosion continues, the erosion rate decreases due to the 

increasing influence o f surface sand armoring and the vertical increase with depth o f mud 

consolidation, and so does the downward movement o f the point o f maximum curvature. 

In the northern abandoned Huanghe Delta, the muddy profile approaches an equilibrium
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state when the maximum curvature reaches down to a water depth o f about 6-7 m below 

the mean sea level. The profile evolution simulated and predicted by the model in the 

abandoned Huanghe Delta may suggest the similar profile pattern and the evolution 

process observed in other abandoned delta coasts with dominantly fine-grained 

sediments.
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CHAPTER III 

TWO-DIMENSIONAL NUMERICAL MODELING OF STORM 

DEPOSITION ON THE NORTHERN CALIFORNIA SHELF 

INTRODUCTION

Rare but energetic events such as ocean storms and river floods dominate 

sedimentation on most continental margins. During storms, sediments on the sea floor are 

resuspended, transported and redeposited as a response to the bottom oscillatory flow 

induced by surface waves and the mean current over a few hours or days duration. In 

recent years, many models have been developed for shelf sediment transport (Lyne et al.. 

1990: Wiberg et al., 1994: Green et al., 1995). However, these one-dimensional models 

focused only on the sediment resuspension and the maximum erosion depth at a single 

location. This chapter describes a two-dimensional, across-shelf sediment transport 

model that has been developed to simulate storm deposition on the Eel shelf. Northern 

California (Fig. 18). In the model, time-dependent sediment resuspension, transportation, 

deposition, and their across-shelf variations with respect to storm waves, are simulated. 

Thus, storm-bed generation is quantitatively modeled, and different mechanisms driving 

across-shelf sediment transport are investigated, providing dynamical insights into shelf
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sedimentation. Furthermore, this model, combined with the flood-bed simulation, can be 

extended to the simulation of bed successions or lithofacies with respect to storm climate 

and flood climate (Carey et al., 1999). Dynamical linkage between two scales of 

numerical simulation, from a deterministic scale (individual bed or event scale) to a 

stochastic scale (bed-succession or facies scale), can be approached through computation 

of the event bed preservation potentials (Zhang et al., 1997).

STORM-DEPOSITION MODEL 

Conceptual Model

Fig. 19 presents a conceptual model of storm-bed generation on continental shelves. 

The conceptual model serves as a framework to which the physics of sediment transport 

is attached for the purpose of modeling. Sediments on the sea floor are resuspended by 

wave-current combined flow in the benthic boundary layer, and are transported as a 

graded suspension by a net across-shelf current during storms. These suspended 

sediments are then progressively redeposited on the sea floor as the storm wanes, and 

hence form a size-graded storm bed resting on a basal diastem.

Governing Equations

The suspended-sediment concentrations are calculated from a mass-balance
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equation in an across-sheif section (.r-s plane):

dC dU'C d f  dC \ 
dt dx ohri 1 dx

dC d (  d C \

where x  is the across-shelf distance positive towards the sea with its origin at the 

coastline, c is the vertical distance positive upward with its origin at the pre-storm water- 

sediment interface, C is the mass sediment concentration, U f is the across-shelf 

component of subtidal current velocity, W, is the settling velocity of suspended sediment, 

e, and e, are the sediment eddy diffusivities in .t and c directions respectively. Suspended- 

sediment concentrations can be calculated by numerically solving Eq. 16 when the 

across-shelf current (Jt, sediment eddy diffusivities et and £., sediment settling velocity 

W,, and relevant boundary conditions are given or appropriately specified.

Once the time- and space-variant sediment concentration field is known, across- 

shelf sediment flux can be computed. Thus the change of sea-floor height can be 

calculated by the mass continuity equation:

1 (dC T dUxCT

& chPs
• +

dt dx J
(17)
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basal diastem

Fig. 19. A conceptual model of storm deposition on continental shelf. Eh is the erosion 

depth for bedload transport, and E , is the erosion depth for suspension transport, and Em is 

the maximum erosion depth. Dm is thickness of storm bed.
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where zh is the sea floor elevation (positive downward), cb is the volume sediment 

concentration of seabed, p, is the sediment density, and CT is the depth-integrated mass 

sediment concentration.

The Eel shelf is covered by mud deposits on the middle and the outer shelf 

(Borgeld et al., 1999). Consequently, bedload transport is a possible mode only on the 

inner shelf, where the seabed is composed mainly of the noncohesive sediments. Field 

investigations on continental shelves show that suspended sediments often dominate 

sediment transport (Dyer and Soulsby, 1988). A simple equation, proposed by Nielsen 

(1992), is used to calculate the thickness of the bedload layer at rest:

where Lh is the thickness of bedload layer, 6 and 0t are the effective Shields parameter 

and the critical Shields parameter respectively, and d  is the sediment grain diameter.

A storm bed is created after a storm. The bottom boundary of a storm bed 

corresponds to the maximum erosion depth on a mixed bed, Em, that is:

where Eh is the maximum erosion depth caused by bedload movement and £, is the 

maximum erosion depth caused by resuspension of bottom sediments. Eh is determined 

by Eq. 18 and E , is determined by Eqs. 16 and 17 with respect to the maximum bottom 

shear stress during a storm. The upper boundary of a storm bed is determined by:

Lh = 2.5(0 -  9t )d (18)

(19)
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Dm = D s + Db (20)

where Dm is the maximum thickness of the bed deposited after a storm, D, is the 

maximum deposited thickness of suspended sediment determined by Eqs. 16 and 17, and 

Dh is the maximum deposited thickness of bedload sediment. Considering that the 

bedload movement is mainly dominated by the oscillatory flows caused by surface waves 

during strong storm events, the spatial gradient of bedload flux can be reasonably 

neglected (Niedoroda et al., 1989). Thus, Dh is equal to Eh. Eqs. 19 and 20 describe the 

across-shelf geometry of a storm bed.

Algorithms for Important Processes on Storm-bed Formation

In order to solve Eqs. 16 and 17 for the cross-shelf sediment transport and bed 

evolution, the values of the advection and diffusion terms need to be specified. The basic 

numerical solution algorithm consists of specifying the currents, diffusion and suspended 

sediment concentration profiles at each instant (time step) based on time-series of 

measured values of the current and wave parameters at a few points.

Wave-current boundary layer

The simultaneous existence of surface waves and currents during storm results in 

a small-scale wave boundary layer embedded in a large-scale current boundary layer.
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Information concerning the combined storm and current boundary layer is essential for 

the analysis of near-bottom current flow and sediment suspension. Models for flow 

structures inside and outside the wave-current boundary layer have been developed 

during the last two decades (Grant and Madsen, 1979; 1986; Sleath, 1991; Eidsvik, 1993; 

You, 1994). However, differences in time and space scales make it difficult to directly 

couple these boundary models into our larger-scale numerical sediment-transport model. 

For example, the vertical grid in the numerical solution of the larger-scale sediment- 

transport model is usually much larger than the thickness of the wave boundary layer. 

The high-resolution current structure within the wave boundary layer of a two-layer 

model as described for instance by Grant and Madsen (1979). cannot be easily and 

explicitly represented in a larger-scale sediment-transport model.

The current profile above the wave-current boundary layer is determined using a 

log-layer profile and apparent roughness due to the presence of the waves. The equation 

for apparent roughness proposed by Sleath (1991) is used:

where za is the apparent roughness, z0 is the hydraulic roughness, uh is the maximum

wave orbital velocity near the bottom and u.c is the shear velocity of the current. Thus, 

the current profile U. above wave-current boundary layer is:

(2 1 )
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where k  is von Karman's constant. For a given mean current velocity U re,  at z = z„t

(where zrel>  wave-current boundary layer 8) within the near-bottom logarithmic part of

the current profile, the values of u.L and za can be calculated by solving Eqs. 21 and 22

using an iterative procedure. Therefore, the current profile above the wave-current 

boundary layer is determined. The bottom hydraulic roughness Zo is k j 30, in which kh is 

estimated through the equation suggested by Xu and Wright (1995):

where q and k  are the sand ripple height and length, respectively, and £2 is the scaling 

constant. The sand ripple height and length are determined by the procedure proposed by 

Nielsen (1981).

In the model, the wave-current boundary layer is treated as a bottom grid layer. Its 

thickness is a time-varying value defined as 8 = 2h.„ /ro, as suggested by Grant and 

Madsen (1986). Here. 8  is the thickness of wave-current boundary, mv is the shear 

velocity caused by the waves and Q) is the wave radian frequency. The value of «.u. is 

determined using a friction factor formulation suggested by Swart (1974). The current 

velocity (Us) and the suspended-sediment concentration (cs) at the top of wave boundary 

layer are calculated, based on an equilibrium assumption concerning the wave boundary

(23)
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layer such that:

lt*wcK 0̂ ;
(24)

and:

W /
(25)

where Ca is the reference sediment concentration at z(), //.U( is the combined shear velocity

in the wave-current boundary layer that is assumed to be equivalent to u.w (as suggested 

by You. 1994). The error caused by this approximation is within the same order of 

magnitude as other errors induced by the assumption of equilibrium (Bedford and Lee. 

1994) and by the numerical solution method.

Multi-grain-size bed

The natural sea floor is characterized by a mixed bed. which consists of a range of 

sediment grain sizes. For a given flow condition, selective entrainment. commonly 

referred to as bed armoring, may take place on a mixed bed due to the different resistance 

of sediment grain sizes to erosion (Reed et al., 1999). How to relate the simulations of 

sediment transport to a mixed bed is a matter of considerable importance in modeling 

storm deposition on continental shelves. This is particularly true for the Eel shelf where 

the sea floor is covered by sediments ranging in grain size from sand to clay.
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If all sizes of sediments are removable, the relationship between erosion depths in 

a mixed bed and that in a single-size bed, in accordance with the mass continuity, is:

where. A, is the fractional percentage of /th-class sediment in a mixed bed, E, is the 

erosion depth of single-size bed consisting only of /th-size class sediment under the same 

flow condition. Rewriting Eq. 26 yields:

Obviously, B, is not equal to A, unless Em = E„ which is only possible when the mixed bed 

has become a single-size bed. consisting only of /'th-size class sediment. B, presents the 

percentage of eroded sediments in a single-size bed. This amount of sediments should be 

identical to the amount of /th-size sediments that are really moved in Em, if the single-size 

bed and the mixed bed are subjected to the same flow conditions. Summing of both sides 

of Eq. 27 yields:

where, N  is the number of sediment size classes. Shi et al. (1985) first proposed Eq. 28, 

but identified B, as the fraction o f /th-size component in a poorly defined “near-bed” 

region. The total energy that acts on a mixed bed as presented by the sum of various 

energy ratios, B„ should be equal to one. This yields the following equation for the

A i E m =  B i E i (26)

(27)

(28)
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erosion depth of a mixed bed:

(29)£m =

If all sizes of sediments are not removed during storms, an armored layer will 

develop, resulting in stopping of further erosion. Under such an armoring condition, 

sediments and flow dynamics cannot reach equilibrium, so Eq. 29 is not applicable. The 

erosion depth for such a situation can be calculated in terms of an upper-bed layer known 

as the active layer (Thomas and Prasuhn, 1977), in which unmovable particles remain to 

cover the entire bed surface. The equation of the active layer thickness (Borah et al., 

1982), is used here to determine the erosion depth:

£ » = - % ■  (30)
cbA,

where Da is the smallest unmovable size in an armor layer, and /\u is the fraction of all 

unmovable sediments in a mixed bed.

Boundary Conditions 

Initial conditions

The initial sea-floor profile is located along the S transect (see Fig. 18). The initial 

sea bed is assumed to be well-mixed. The bottom sediments on the middle and the outer 

shelf are specified by interpolating the STRATAFORM data collected during November
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of 1995 (J.C. Borgeld, personal communication). The sand compositions on the inner 

shelf are derived from the field survey data represented by Borgeld (1985). The initial 

(pre-storm) suspended-sediment concentrations are specified as zero over the simulated 

transect.

Coastal boundary and shelf-break boundary

The coastal boundary provides a seaward sediment flux from the nearshore zone 

during storms. A realistic sediment flux is difficult to specify without knowledge of the 

nearshore sediment transport and therefore a zero-flux profile is selected. The shelf-break 

boundary is set at a depth of 100 m. about 15 km from shore. At this open boundary, the 

Sommerfeld radiation condition is selected (Camerlengo and O ’Brien, 1980: Roed and 

Smedstad. 1984) based on the assumption that sediment transport on the continental slope 

and beyond has little influence on the shelf storm deposition.

Upper boundary

Many field measurements have indicated that suspended-sediment transport 

mainly occurs within a few meters above the sea floor on continental shelves (Bedford 

and Lee, 1994; Wright et al., 1994, Green et al., 1995; Cacchione et al„ 1999). An upper 

limit of 20 m from bottom has been selected in our model as a thickness of the sediment- 

transport layer. The vertical sediment flux at the upper boundary of the transport layer is
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assumed to be zero, which leads to:

- W C + e .— = 0  (31)
'  dz

Bottom boundary: noncohesive sediments

Two options for sediment input at the bottom boundary are available in the model. 

For a sand bed, a reference sediment concentration C„ at z0 is generally formulated as 

(Smith and McLean, 1977):

(32)

where ch is the bed sediment concentration, yQ is the resuspension coefficient, and 6 ’ is 

the wave-period-averaged excess skin friction 6’ = (0 - 0c)!dc. Reported values of the 

resuspension coefficient y0 vary over two orders of the magnitude (Nittrouer and Wright, 

1994). Here, a constant value of 2.4 x 10 ’. suggested by Smith and McLean (1977), has 

been used in our model. When waves are present, the bottom grid point in the water 

column in the numerical solution is set at the top of the wave-current boundary layer at 

height 8 off the bottom, and the concentration is specified by Eq. 25.

Bottom boundary: cohesive sediments

Most o f our study area, from the middle to the outer shelf, consists of mud 

deposits (Borgeld et al., 1999). The primary source of these cohesive sediments is the
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Eel River (Wheatcroft et al., 1997). Computations o f cohesive sediment transport are 

undertaken in a manner that differs from computations of sand transport (Mehta et al., 

1989; Teisson et al., 1993; Partheniades, 1993). Empirical formulations are still widely 

used in simulation o f cohesive sediment transport. Parameters related to sediment 

properties are generally based on site-specific field measurements or laboratory 

experiments. The deposition rate of mud is given by Krone (1962) and Odd and Owen 

(1972) as:

where dMJdt is the sediment mass deposited per unit area per unit time, Wd is the settling 

velocity of the floes. Ch is the suspended sediment concentration just above the water- 

sediment interface, and p  is the probability that cohesive particles will stick to the bed. 

Krone (1962) found that p  can be expressed as:

where vh is the bottom shear stress and Td is the critical bottom shear stress for deposition. 

For San Francisco Bay mud. Krone (1962) found that Td is 0.06 N/m2, when the initial 

suspended- sediment concentration is less than 0.3 kg/m3. This value is used in the model 

due to the lack of equivalent measurements for the Eel shelf mud. The relationship 

between the erosion rate and the bottom shear stress is described by Partheniades (1965)

p = 0
(34)
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as:

X b  <  X e

(35)

dt

where dMe /dt is the mass eroded per unit area per unit time, E  is the erosion constant, 

and xt is the critical bottom shear stress for erosion. Reported values of E and r, vary over 

a significantly wide range due to the site-specific character of cohesive sediments. In the 

absence of both field and laboratory experiments on the erosion parameters of the Eel 

shelf mud, a value of r, = 0.2 N /m \ the lowest value of the critical shear stress with least 

biological influence measured by Schunemann and Kuhl (1993), is used for our 

simulations. The erosion constant E  = 6.25 x 10'7 g/cnrs, measured by DeVries (1992) 

for the mud from Mare Island Strait. California, is used in the simulations.

The upward sediment flux is used to specify the bottom-boundary condition on mud 

beds. Net erosion and deposition are mutually exclusive in cohesive sediment transport 

(Ariathurai and Krone, 1976: Partheniades, 1986, 1993; Mehta et al. 1989). The critical 

shear stress for erosion Te is greater than the critical shear stress for deposition Ttl. Unlike 

sand, for which deposition immediately occurs when bottom shear stress decreases, an 

intermediate range of bottom shear stress for mud can exist for which neither erosion nor 

deposition occurs. This deposition-nondeposition-erosion paradigm is adopted in the 

model for mud transport:
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W'C + E.

xd < x < x e (36)

W £  + e X>X.e

where dMJdt and dM Jdt are derived from Eqs. 33 and 35 respectively.

Current Field

During STRATAFORM Project, two tripods from VIMS were deployed at depths 

of 60 m and 70 m along the S transect (Wright et al., 1999). Comparison of the measured 

current speed during winter season with the significant wave height from the nearby buoy 

NDBC46022 (see Fig. 18) clearly shows that there is little correlation between them (Fig. 

20). The low-frequency subtidal current near the bottom is offshore-dominant.

Systemic observations of wind forced currents were conducted by the Northern 

California Coastal Circulation Study (NCCCS) during 1988 to 1989 along the northern 

California Shelf. A mooring transect, consisting of four moorings (at water depths of 60 

m, 90 m, 130 m, and 400 m, see Fig. 18), was deployed on the Eel shelf during the 

experiment, from which the independence of waves and currents on the Eel shelf was 

observed by Largier et al. (1993). The same situation was found during the Sediment 

Transport Events on Shelves and Slopes (STRESS) project on the shelf 150 km south of
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the Eel shelf (Sherwood et al., 1994). The waves that cause sediment resuspension and 

currents that determine sediment transport are independent phenomena. The across-shelf 

component o f the low-frequency subtidal current, which is responsible for the across- 

shelf sediment flux, is poorly related to the wave height on the Eel shelf.

In order to model storm deposition in a setting where the wave height and the 

mean current velocity are poorly correlated, it is necessary to provide an independent 

current field within the bottom friction layer. The STRESS measurements showed that 

the mean current velocities at 1 m above bottom had an average value of less than 10 

cm/s across the shelf from water depths of 50 m to 130 m (Sherwood et al., 1994). The 

across-shelf variation of the mean current velocities is also showed to be small, 

particularly at the water depths shallower than 100 m. In this case, the mean current 

velocity at 1 m above bottom is specified from the field data as a background value 

during storms. A value of 20 cm/s at I m above bottom, which approximately represents 

the average peak value for the mean current velocities in the VIMS tripod measurements 

(see Fig. 20) is selected for the calculation of the shear stress in our model. A time- 

invariant, offshore subtidal velocity of 2 cm/s is selected for the calculation of the 

sediment flux in our model (Fredericks et al., 1993).
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Fig. 20. Measurements at 101 cm above the sea floor in 60 m water depth (VIMS S60). 

//, is the significant wave height at NEBC46022. The parameter ux is the across-shelf 

component o f mean current velocity, «, is the along-shelf component of mean current 

velocity. Ut is the across-shelf component of subtidal current velocity, and t /v is the 

along-shelf component of subtidal current velocity.
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Other Parameters 

Sediment eddy diffusivities

The vertical and horizontal sediment eddy diffusivities are e. = = /?£„,. Here, em

is the water eddy viscosity:

em = kh.cz z < 8 J  10

(37)

e m = ku.czs z > Se / 10

where $.is the thickness of the bottom Ekman layer, zs is the elevation at 8t / l 0 .  The 

value of (3 is suggested by Dyer and Soulsby (1988) to be equal to 1 on continental 

shelves.

Wave parameters

An empirical equation (Tucker, 1991) for the mean zero-crossing period of waves 

during storms, T  = 3.4 H j n , is used in our model. Here, Hyil is the significant wave 

height in deep water. The transformation of the wind wave, owing to the bottom friction 

when it travels into the shallow water, is estimated by the wave transformation equation 

proposed by Hughes and Miller (1987):

= Hs.d (38)

where Hu  and Lu  are the significant wave height and length in deep water, respectively.
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Settling velocities for muds

The transport behavior of cohesive sediments is significantly affected by the 

processes of physico-chemical flocculation and biological agglomeration (Mehta et al., 

1989; Teisson et al., 1993; Berlamont et al., 1993). The size and settling velocity of the 

aggregates, which are the most common forms for cohesive sediments in the marine 

environment, depend largely on the flow shear stress and sediment concentration (Burban 

et al.. 1990; Van Leussen, 1988). As part of the STRATAFORM Program, an in situ 

measurement of particle size and settling velocity has been conducted by Sternberg et al. 

(1996), from which an average settling velocity of 0.06 cm/s for various aggregates is 

adopted in the model.

Numerical Solution

The sediments are divided into 5 categories of grain size, which are coarse sand 

(0-2 0), fine sand (2-4 <{>), coarse silt (4-6 0), fine silt (6-8 0) and clay (>8 0). The 

boundary between sand and mud is set at 4 0 in the model. For each grain size, the time- 

varying suspended-sediment concentration, and hence the sea-floor elevation are 

calculated by using the finite difference method to solve Eqs. 16 and 17. The algorithm 

for mixed bed is then applied in the simulations. A grid of 100 nodes in vertical direction 

with a space step of 0.2 m and 300 nodes in horizontal direction with a space step of 50 m 

is designated. The change of the sea-floor elevation is reduced to 1 % when the time step
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is 15 minutes. A storm event of 20-year return period, with a maximum significant wave 

height of 10.1 m and a storm duration o f 2.3 days (from NDBC46022 buoy data), is used 

in our simulation. The wave height is assumed to increase linearly as the storm waxes and 

decrease linearly as the storm wanes. A wave height of 2.0 m is selected as the 

background wave (non-storm wave), with which the storm starts and ends. The 

computation time has been extended to one day after the storm, in order to account for 

the possible deposition caused by flow-sediment hysteresis effect for mud.

COMPUTATIONAL RESULTS

Several experiments have been undertaken with different values of the hydraulic 

and sediment parameters that are usually considered to be responsible for across-shelf 

sediment transport. Across-shelf variations of the thickness of storm beds reveal a general 

pattern of storm deposition on the Eel shelf (Figs. 21 and 22). Storm-bed character is 

dependent on pre-storm bottom sediment composition. On the inner shelf where sand 

deposits dominate (>90%), storm-bed thickness attains a peak value at the coastal 

boundary and progressively decreases seaward to the 50-m isobath. 6 km offshore. 

Farther seaward, the bottom becomes muddy, and the thickness of storm beds begin to 

increase owing to the reduced erosion resistance of the mud. despite the progressive 

weakening of bottom wave power as water depth increases. The maximum bed thickness
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is located at about 10 km from shore, in the water depth of 70 m. Beyond this depth, bed 

thickness decreases again, as the decreasing wave orbital velocity becomes the dominant 

control.

It is noteworthy that the locus of maximum storm bed thickness predicted by the 

model was the site of new beds found three weeks after the Eel River flood in January of 

1995 (Wheatcroft et al., 1997). There is clear evidence that the muddy sediments of this 

lenticular deposit, centered on the 70 m isobath, came from the Eel River (Wheatcroft et 

al., 1996, 1997). However, little dynamical evidence has been found to interpret the shelf 

dispersal system that formed the deposition. The NDBC46022 buoy data indicates that 

there were several big storms in January of 1995 with a maximum wave height of 8.2 m 

in the Eel shelf. In addition, the dispersal of the mud-rich and cohesive Eel River flood 

sediments is also controlled by the consolidation process. Newly deposited cohesive 

sediments usually form a fluid-mud layer that is easily reworked and transported even by 

high-frequency tidal currents. The deposition of the flood sediments must thus be a time- 

varying process, significantly affected by oceanic forces. There is a strong coherence 

between floods and winter storms in the Eel shelf (Wheatcroft et al., 1997). The model 

here suggests that the across-shelf variability of the deposition and the structure of the 

deposited beds be most likely controlled by the storm waves during the storm-flood 

event. While the source of its material was a inshore flood plume (Wheatcroft et al., 

1997), the beds of January of 1995 appear to have been storm-transported to the site of
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deposition. The geometry and thickness presumably reflects such storm parameters as 

maximum wave height and suspended sediment concentration in the benthic boundary 

layer, rather than the sediment concentration and duration of the plume. Since the 1995 

flood deposit consists of several discreet beds, inshore flood deposits appear to have 

reworked, transported and redeposited several times by storm waves and other oceanic 

forces after being discharged from the Eel River.

The numerical experiments of the model show that the position of maximum 

thickness of storm beds in the mud zone is mainly determined by the pre-storm sediment 

composition of the sea floor (Fig. 23). Its value, however, varies with the bottom 

oscillatory flow of storm waves that increases toward the shore. The simulations indicate 

that as the mean current velocity and the net seaward subtidal current increase, the storm- 

bed thickness will increase accordingly, particularly in the middle and the outer shelf 

mud zone (Fig. 21). Under conditions of unidirectional seaward flow, sand is eroded on 

the inner shelf, and deposited on the middle shelf in the water depths of 45-55 m (Figs. 

21 and 22), where an interstratified sand and mud facies is found. However, the advected 

quantities are small in comparison with the amount produced by in situ winnowing. The 

advected quantities of sand may be underestimated because the littoral sediment input is 

not included in the computation. An increase in the mean current velocity and the net 

seaward subtidal current leads to net erosion occurring at a depth of 60-75 m and net 

deposition deposition at a depth of 75-84 m (Fig. 21) during the storm event.
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Sensitivity experiments demonstrate that the critical bottom shear stress for mud 

erosion, Te, is more important than the critical bottom shear stress for mud deposition, xd, 

in determining the thickness of muddy storm beds (Fig. 22). For sand deposits, the 

resuspension coefficient, y0, is more important than the bottom roughness scaling 

constant, Q, in determining the thickness of sandy storm bed. A decrease in y0 leads to a 

decrease in sand resuspension and deposition. This results in the increase of the bed 

armoring effect so that mud resuspension is also significantly restricted.

CONCLUSIONS

A two-dimensional, across-shelf sediment transport model has been developed to 

simulate storm deposition on continental shelves. The total net seaward sediment 

transport is small in comparison with the local resuspension and deposition during 

storms. This is due partly to the poor correlation between the subtidal current and the 

local wind waves during storms in the study area. The across-shelf variation of storm 

beds depends on the bottom sediment type. On the sandy inner shelf, the maximum 

storm-bed thickness is located at the coastal zone and decreases seaward. A small amount 

of sand is moved seaward even without the littoral sediment input. Storm-bed thickness is 

increased on the middle and outer shelf because the mud deposits are dominant in these 

areas. The muddy storm bed has a nearly symmetrical cross-shelf pattern, with a
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maximum value at a water depth of about 70 m. This result suggests that the beds found 

in February o f 1995 on the Eel shelf may not have been a direct response to river 

flooding, but are instead a record of storm-induced resuspension events during a period 

when flood sediment were available. The Eel River flood sediments found in this new 

bed appear to have been resuspended, transported and deposited several times by storms 

and other oceanic force after being discharged from the Eel River. The sensitivity 

experiments of the model illustrate that the r, for mud erosion, and y0 for sand are more 

important than other parameters in determining the storm deposition on the Eel shelf.
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CHAPTER IV 

SIMULATION OF SEDIMENTARY FACIES ON 

THE NORTHERN CALIFORNIA SHELF 

INTRODUCTION

Facies models for interpretation of sedimentary environments have become 

increasingly popular among sedimentologists and stratigraphers (Reading, 1986). 

However, these models are largely descriptive, interpreting sedimentary successions by 

analogy and pattern-matching techniques. During the same period, there has been 

intensive study o f boundary-layer fluid dynamics and sediment transport on continental 

shelves, to the point where cross-disciplinary synthesis may lead to important 

sedimentological insights. To this end. a quantitative, dynamical facies model is 

developed. The model is used to simulate storm-bed succession on the Eel Shelf. Northern 

California (Fig. 24). In this chapter. I describe the model and compare the simulations 

with observations. The hypotheses concerning the facies differentiation are dynamically 

tested.

Fig. 25 presents a conceptual model for sedimentation and facies development on 

continental shelves. The conceptual model serves as a framework to which the physics of 

sediment transport can be attached, for the purposes o f modeling. In the conceptual 

model, a dispersal system consists o f an assemblage o f flow-linked environments 

characterized by specific dispersal mechanisms (Swift et al., 1991). The nearshore
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environment is the eroding source environment, whereas successive offshore 

environments are depositional. The environments create the sedimentary facies that 

comprise a depositional system  (an assemblage o f process-related facies; Fisher and 

McGowen, 1967). In a depositional system, facies are systematically arranged along the 

gradients o f sediment grain size and dispersal mechanism and are either stacked on, or are 

truncated by, a source diastem, cut by the shifting source environments (Swift et al., 

1991). There have been speculations on the facies differentiation. Russell (1939) 

explained the horizontal grain-size gradients by a process that he called progressive 

sorting, in which the coarser particles are preferentially deposited during episodic 

transport down a dispersal pathway. Crowley (1984) proposed a process of stratal 

condensation, measured by the ratio o f preserved bed thickness to generated bed 

thickness. Crowley argued that the preservation acts as a low-pass filter to event beds in 

which the bandwidth of the filter is determined by sedimentation rate. Both of the 

proposed processes are important for facies differentiation. In this chapter, I test the 

hypothesis that facies differentiation is controlled by the coupled processes of 

progressive sorting and stratal condensation through development o f a quantitative, 

dynamical model on the Northern California Shelf.

The Eel River sector o f the Northern California Shelf extends for approximately 

55 km. and the shelf edge lies at a depth o f 100-150 m (Borgeld. 1985). The shoreface is 

basically an erosional surface, veneered with transient sediment patches that are subject to 

storm resuspension, and serves as a sediment source (Borgeld, 1985). At large time and 

space scales, however, the Eel River sector is an accumulation-dominated setting owing to
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the significant input o f muddy fluvial sediments from the Eel and adjacent rivers 

(Nittrouer and Kravitz, 1995). Flood beds were found in the strata (Borgeld, 1985), but 

most flood material undergoes storm resuspension.

DYNAMICAL FACIES MODEL 

General

The formation o f storm-dominated facies can be partitioned into two process- 

related sedimentation modes, i.e.. storm-bed formation and storm-bed succession 

formation. The former creates individual storm bed at an event scale over a few hours or 

days duration, whereas the latter produces a bed succession at a facies scale o f more than 

102 years. A storm creates an event bed. Meanwhile, it will simultaneously destroy or 

modify previously deposited beds. Preservation of a bed with respect to a given 

subsequent storm depends not only on the intensity of the storm, but also on the extent 

to which the bed is shielded by the deposits that occurred between the initial storm and 

the specified later storm. Nevertheless, occurrence of storm is a random process. The 

proposed facies model is constructed in a coupled numerical-probabilistic approach. A 

two-dimensional numerical model of cross-shelf sediment transport is developed to 

simulate storm deposition at an event scale, from which the geometry and sedimentary 

texture o f storm-bed are calculated. Furthermore, a probabilistic model is developed to 

simulate bed succession (facies) formation by estimating the preservation potential in 

most likelihood o f each storm bed on the basis o f the local storm climate.
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Storm-Bed Formation

A two-dimensional cross-shelf sediment transport model has been developed to 

simulate storm deposition on the Eel Shelf, Northern California. The wave height 

variation during a storm is generalized as a parabolic process with its peak at the middle 

of the storm duration. Storm sedimentation is decoupled into two basic modes in the 

model, i.e.. a net erosion during the waxing stage of storm and a net deposition during the 

waning stage o f storm. At the waxing period, the bottom boundary of a storm bed 

corresponds to the maximum erosion depth E(k) on a non uniform sea floor, which is 

determined by E(k) = Es(k) + Eh(k), where E jk)  is the erosion depth caused by 

resuspension of bottom sediments. Eb(k) is the erosion depth caused by bed load 

movement, and k is the storm class in terms of return period. Based on the assumption of 

equilibrium condition during this period, a two-layer, eddy-diffusivity model o f the wave- 

current combined benthic boundary layer, developed by Grant and Madsen (1979) and 

Glenn and Grant (1987). is used to calculate the time-averaged sediment concentrations in 

water column. The total volume o f sediments that are resuspended into the water column 

is calculated with respect to the maximum significant wave height o f the storm event. 

Thus. Es(k) is obtained. A simplified empirical formula, suggested by Nielsen (1992), is 

used here to calculate the erosion depth. Ebfk). due to bed load transport. If all sediments 

are not movable during storms, an armored layer will be developed. Under the armoring 

condition, sediments and flow dynamics cannot reach equilibrium, and the erosion depth 

E(k) can be calculated from an upper bed layer known as the active layer (Thomas and
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Prasuhn, 1977). The expression proposed by Borah et al. (1982) is introduced to calculate 

the erosion depth under armoring conditions on a well-mixed bed. During the waning stage 

of storm, a net deposition process occurs because the surface waves are decreasing. A 

two-dimensional cross-shelf model o f suspended sediment transport is used to simulate 

the net offshore transport and redeposition o f storm-induced suspended sediments. The 

Lagrangian form of the laterally averaged suspended-sediment transport equation 

(Schoellhamer. 1988) is applied. In this simulation, the net offshore sediment transport 

occurs within the bottom Ekman layer (Trowbridge et al.. 1994). which is poorly related 

to storm waves in both space and time domains in the study area (Largier et al.. 1993). 

The algorithm described above will produce the maximum erosion depth E(k). the storm- 

bed thickness Ar\(k). the mean grain size of bed AIJk). and the net accumulation A(k) = 

E(k)- Ar\(k). for each class storm.

Storm-bed Succession Formation

Storm sequences are effectively random, so that the time series o f storm-bed 

generated at sea floor is a random process. As a result, storm climate controls the 

occurrence of storm bed. The probability o f occurrence of k  class storm bed. therefore, 

can be described by the bed generation potential. Ps(k). This parameter is determined by 

the probability density function o f the local storm climate. As we mentioned previously, 

the preservation of a storm-bed at sea floor depends on the time series o f subsequent 

storm events. For any storm climate, there are many realizations. Each realization will 

produce a unique bed succession. It is hard to determine the probability density
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distribution o f storm-bed preservation because the recorded event strata constitute only 

one sample (realization) in the entire sample space of the storm climate. But the modal 

realization o f this process can be estimated. I propose the bed preservation potential, 

Pp(k), the modal value of storm bed preservation, as a parameter to describe the ratio of 

preserved thickness to initial thickness o f a storm bed. The conditional preservation 

potential. defined as the preservation potential of k class storm bed with respect to the 

erosion of / class storm, is presented as:

0 E(i)- A(i)> At](k)

E( l ) “  4  / 1)
Pp(k/i) = 1------ ' , At](k) >E(i)-A(i) >0 (39)

Atj(k)

1 E(i)-A(i)< 0

where A(i) is the sum of the sediment accumulations generated by all storms during the 

return period of i class storm. Obviously. A(i) is a random variable, and it can be 

estimated by the bed generation potential Pg(k),

i

A (i)= N ^ A ( j)P s {j) (40)
7=1

where .V is the total number o f storms over the time period of concern. As indicated in Eq. 

39. the higher the sediment accumulation A(i) is. the higher the preservation potential will 

be.

The preservation of an initial bed depends on the responses o f the bed to all 

subsequent events. For each k  class storm bed, there is a set o f conditional preservation 

potential, {Pp(k/i)}, i varies from 1 to nk. nk is the number of storm classes. The final fate
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o f the initial storm bed relies on the minimum conditional preservation potential in this 

set. Therefore, the bed preservation potential, Pp(k), is defined as

Pp(k) = min {Pp(k/i)} (41)

The value o f Pp(k) varies between 0 to 1. A potential o f 1 means that an initial k  

class storm bed will be totally preserved, and a potential o f  zero means that this initial k 

class storm bed will be totally eroded by subsequent storms. A potential between 0 and 1 

indicates the fraction of initial storm-bed thickness that survives into permanent burial 

after erosions of subsequent storms. A modal thickness o f k class preserved storm-bed 

appeared in bed succession is determined by Ar\(k)*Pp(k). By estimating the preservation 

potentials of all storm-beds. the frequency o f the preserved storm-beds and their 

thickness in a bed succession can be estimated, and the most probable storm-bed 

succession may thus be predicted.

Model Inputs

A 15 km cross-shelf transect near northern Humboldt Bay (Fig. 24). which 

extends from the shoreline to a depth o f 100 m. has been selected for simulation. The 

surface grain size distributions used as input for the simulation are derived through 

averaging and interpolating data from 15 samples collected by Borgeld (1985). The data o f 

Komar and Reimers (1978) are used for sediment settling velocity. The fine silt and clay 

are assumed to settle as floes and have an average settling velocity of 0.009 cm/s. The 

storms are classified by the frequency in terms o f return period. The storm climate is 

described by a Fisher-Tippett distribution (Goda, 1990). Such a distribution, with
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parameters _ =  0.8 and _ -  5.2 resulting from the best-fitting o f NDBC46022 buoy data 

(Fig. 24). is used to present the local storm climate, from which the storm generation 

potential P&(k) is derived.

SIMULATION RESULTS

The simulated initial storm-beds and preserved storm-beds with respect to 

different storm classes are shown in Fig. 26. The stratal condensation process has left an 

imprint on the simulated transect. On the Northern California Shelf, the degree of stratal 

condensation varies with depth and distance from shore. Fig. 26 indicates that in the 

eroding shoreface environment, all storm beds have a zero preservation potential, which 

means that any storm-bed will be destroyed by subsequent storms, resulting in a source 

diastem. Farther offshore, beds from storms o f lower frequency but higher power (long- 

retum-period storms) begin to be preserved, but are truncated, while those from storms of 

higher frequency but lower power (short-retum-period storms) are still destroyed. As the 

water depth increases, the preservation potential increase, leading to the preservation of 

more and more beds from short-retum-period storms in the strata. At outer shelf depths, 

all storm beds retain their initial thickness.

It has been suggested that the physical preservation process can be viewed as a low- 

pass filter because the higher-energy, lower-frequency events should dominate the 

sedimentary record (Crowley, 1984). However, our model shows that the frequency band 

o f this preservation filter varies as a function o f position in the dispersal system. The 

band o f the filter extends from the low-frequency end to the high-frequency end as water
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depth increases, contributing significantly to the facies differentiation.

Fig. 27 presents simulated storm-bed successions and compares these successions 

with box-core data from Borgeld (1985). The three basic facies patterns of a transgressive- 

shelf depositional system are present. An amalgamated sand facies (ASF), is followed 

seaward by an interbedded sand and mud facies (SMF), followed in turn by a bioturbated 

mud facies (BMF). Aspects o f the system geometry appear in Fig. 27. The eroding 

shoreface environment, landward o f the several dispersal environments, is undergoing 

burial and preservation within the evolving depositional system as the source diastem 

(Swift et aL  1991). or ravinement surface.

The progressive sorting process has left a clear imprint on the simulated transect 

(Fig. 27C). The bed-succession-averaged grain size and the standard deviation of mean 

bed grain size exponentially decrease seaward. Bed rhythmicity. defined as the 

altemativeness o f sand bed and mud bed in bed succession, increases seaward with 

increasing preservation o f beds from short-retum-period storm, and decreases with 

decreasing sand deposition.

CONCLUSIONS

A basic problem o f geologic modeling has been recognized through the numerical 

experiments. At short-time scales, the physics o f the systems o f concern are well 

understood. For example, a storm bed can be simulated in a deterministic domain for given 

hydrodynamic and geologic settings. However, at long-time scales, the system responds 

to random inputs or boundary conditions, for example, storm and flood events. So this
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system behaves as a stochastic system. Furthermore, the output o f this long-term 

system, i.e.. the bed succession, constitutes a biased record that is not consistent with 

storm and flood histories because o f the random preservation process. This problem has 

been approached by a coupled numerical-probabilistic model. Thus, all processes over 

different time scales are taken into account. The predictions can be improved by 

incorporating a river plume model in order to simulate the Eel River flood deposition. Eel 

River flood climate also needs to be introduced into the calculation o f the bed generation 

potential and the bed preservation potential respectively. The sensitivity experiments of 

our model demonstrate that the resuspension coefficient. y0, is more important than the 

bottom roughness scaling constant. X2, in determining the thickness of storm-bed. 

Decrease of yn leads to decrease of sand deposition, whereas mud deposition is also 

significantly restricted because of the bed armoring effect.

The resulting computations (Figs. 26 and 27) support the hypothesis that 

sedimentary facies are produced by the coupled mechanisms o f progressive sorting and 

stratal condensation, in which beds are generated and then modified by successive events 

as they undergo burial. Further, model results show that the degree of condensation, and 

the bandwidth and position of the "preservation filter." is a function of the energy 

gradients of the dispersal system. The model simulations lead to present generalizations 

concerning the facies formation that I believe to be applicable to a variety o f depositional 

settings. Turbidite. inundite (flood bed), and eolianite successions, like tempestite 

succession, are event-bed successions generated by random dispersal systems. It is 

inferred that similar dynamical models can be constructed to describe these depositional
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settings. Probability frequency distributions o f turbidity currents, river floods, and desert 

dust storms can be evaluated, generation and preservation potentials can be computed, 

and the facies arrays realized.
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