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A Model for Vertical Transport of Fine Sediment and Bed Erodibility

in a Wave-Dominated Environment
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Abstract(['] Prediction of turbidity due to fine-grained bed material load under wave action is critical
to any assessment of anthropogenic impact on the coastal or lacustrine environment. Waves tend
to loosen mud deposits and generate steep suspension concentration gradients, such that the sediment
load near the bottom is typically orders of magnitude higher than that near the surface. In a physica-
lly realistic but simplified manner, a simplc mass conservation principle has been used to simulate
the evolution of fine sediment concentration profiles and corresponding erodible bed depths under
progressive, nonbreaking wave action over mud deposits. Prior field observations support the simulated
trends, which reveal the genesis of a near-bed, high concentration fluidized mud layer coupled with
very low surficial sediment concentrations. It is concluded that estimation of the depth of bottom
crosion requires an understanding of mud dynamics and competent in situ_sediment concentration
profiling. Measurement of sediment concentration at the surface alone, without regard to the near-
bed zone, can lead to gross underestimation of the erodible bed depth.
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1. INTRODUCTION

The need to predict the turbidity in water due
to fine-grained sediment suspension under wave ac-
tion over mud deposits is well known. In particular,
predictions of sediment concentration profiles are
critical to sedimentation, erosion, and sorbed conta-
minant transport studies. Fine sediment particles
can be casily transported by hydrodynamic flows
such as waves and currents. The presence of these
particles in the water column affects acoustic trans-

mission, heat absorption and the depth of the cut-
rophic zone (Luettich er al, 1989). Because these
sediments also have a strong affinity for sorbing
nutrients and toxic chemicals, sediments which have
been deposited on the bottom may function as a
source of contaminants to the water column if they
are disturbed by eroding forces resulting, for insta-
nce, from wave action. An outstanding example of
a water body experiencing these problems is Lake
Okeechobee, the largest shallow lake in Florida.
This lake shows typical signs of artificial eutrophi-
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cation mainly due to increased phosphorus loading
associated with the surrounding region.

The transport processes of fine sediments are pa-
rticularly important in a wave dominated environ-
ment (e.g., in shallow lakes and estuaries), since se-
diments may repeatedly settle to the bottom and
be resuspended throughout the water column by
periodic forces such as astronomical tides or by
episodic forces such as storm events. The accurate
prediction of fine sediment transport, which is typi-
cally performed through numerical solutions of the
sediment mass transport equation, is strongly conti-
ngent upon an understanding of the structure of
the vertical profile of sediment concentration and
interaction of this profile with the flow field. Howe-
ver, modeling of fine sediment transport is limited
by the knowledge of physical mechanisms relating
the response of mud beds to wave action. Waves
tend to loosen the mud deposit and generate steep
suspension concentration gradients, making the se-
diment load near the bottom typically orders of
magnitude higher than that near the surface. Negle-
cting this characteristic of sediment concentration
profiles under wave action can therefore lead to
significant errors in calculating the associated flux
of sediment mass and consequently in estimating
the erodibility of mud deposits.

The issue of turbidity generation is examined here
in the context of the response of muddy sediment
deposits to eroding forces resulting from non-brea-
king, progressive waves. While turbidity can arise
from a number of sources, the focus here is on
fine-grained bed material load, which implies sus-
pended sediment related to bed erosion and deposi-
tion. It is therefore instructive to consider fine sedi-
ment erosion and deposition under waves in a phy-
sically realistic, albeit simplified, manner so as to
simulate field-observed trends in concentration pro-
file evolution. As shown later in this paper, this
type of analysis leads to observations concerning
erodible depths in' muddy deposits and guidelines
for field measurement procedures.

2. VERTICAL STRUCTURE OF SUSPEN-
SION UNDER WAVES

A representative illustration of suspension conce-
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Fig. 1. Vertical suspended sediment profiles obtained be-
fore, during and after the passage of a winter cold
front at a wave-dominated coastal site in Loui-
siana. (adapted from Kemp and Wells, 1987).

ntration profile evolution by wave action over coas-
tal mud flats is shown in Fig. 1, using data presen-
ted by Kemp and Wells (1987). Four instantaneous
(turbulence-mean) vertical concentration profiles for
suspended sediment are included in figure 1. Profi-
les B and C represent sediment concentration profi-
les during the passage of a winter cold front, while
profiles A and D represent pre-frontal and post-fro-
ntal conditions, respectively. The data were obtained
over a three day period at a site on the eastern
margin of the Louisiana chernier plain where the
tidal range is less than 0.5 m. Wave height during
front passage was on the order of 13 cm and wave
period was 7 sec. Of particular interest is the deve-
lopment of a near-bed, high concentration suspen-
sion layer by the frontal wind-generated waves (pro-
files B and C), which was previously absent (profile
A). The post-frontal profile D further suggests that
this layer may have persisted following the front,
conceivably due to the typically low rate at which
such a layer dewaters. The suspension concentration
in the upper water column was higher following
the front than during the front, possibly due to se-
diment advection from a neighboring area of higher
turbidity.

Concentration profiles qualitatively similar to
those shown in Fig. 1 have been reproduced in
laboratory flume tests involving wave action over
soft muddy deposits (Ross, 1988). Near the bottom
a rapidly saturated fluid mud layer develops with
the occurrence of a persistent lutocline. The eleva-
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tion of the stabilized lutocline is largely determined
by a balance between the rate of turbulent kinetic
energy input and the buoyancy flux determined by
the sediment settling rate. Diffusion due to the wave
field is characteristically slow above the lutocline
in the water column, so that the concentration there
increases to modest levels only. It follows that sur-
face concentrations are not necessarily representa-
tive of what occurs at the bottom.

The formation of a high concentration fluidized
layer of sediment at the bottom is characteristic of
wave-influenced environments. The presence of
such a layer with a marked lutocline is not restric-
ted to estuaries and coastal waters, but can also
exist in fresh water lakes (Wolanski et al. 1989).
In lakes such layers are episodically generated, but
due to relatively low rates of dewatering, they may
be more common and persistent than previously
thought. Gleason and Stone (1975) measured sedi-
ment concentration at the water surface during a
storm event in the southern part of Lake Okeecho-
bee, Florida. By assuming the entire 4.6 m water
column had a vertically uniform concentration (ba-
sed on a measured surface value) of 102 mg/L, they
reported an erodible bed thickness of 2.3 mm (see
Fig. 2) which seems unrealistically small. However,
on the basis of an examination of bottom cores
from the same lake they concluded that a “fluid
zone” comprised of a sediment layer of thickness
7-20 cm probably occurs near the bed in this lake.
Since fluidized mud is easily entrained by waves
(Maa and Mehta, 1987), it is essential to determine
the erodible bed thickness by considering the sedi-
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Fig. 2. a) Relationship between uniform suspension con-
centration, C,, in water column of depth h,, and
the corresponding thickness. hs, of bed of concent-
ration Ch. b) High concentration suspension layer
between low concentration Suspension and bed.

ment erosion/deposition caused by wave-induced
bottom stress.

3. APPROACH TO MODELING OF VER-
TICAL TRANSPORT DYNAMICS

3.1 Governing Equation

The temporal and spatial variations of suspended
sediment concentration in the water column subjec-
ted to wave action are governed by the mass conse-
rvation equation. By considering a differential cont-
rol volume and equating the time rate of sediment
accumulation inside the volume to the net flux of
sediment through its boundaries, the mass conser-
vation equation for suspended sediment concentra-
tion can be written in the Cartesian coordinates
(x. longitudinal: y, lateral: and z, vertical positive
downwards from the water surface) as

o<

= VF (1

where C (X, y, z, t) is the instantaneous sediment
concentration (mass of sediment/volume of suspen-
sion) and F is the sediment flux vector. No decay
term is of course needed in this equation since sus-
pended sediment mass can be assumed to be con-
served. The flux, F, arises from fluid motion, mole-
cular diffusion and sediment settling. Since turbu-
lent diffusivity is much greater than molecular dif-
fusivity, the terms corresponding to the latter are
usually neglected (McCutcheon, 1983).

Since the present analysis is concerned with the
vertical structure of sediment concentration, only the
vertical transport terms are of interest. In fact, Ross
{1988) shows through non-dimensional scaling that
in a typical coastal settling the horizontal and verti-
cal advection terms and horizontal diffusion terms
can be neglected in a simplified analysis. This al-
lows Equation 1 to be reduced to

o«

d
—(F,+F. 2
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Eq. (2) illustrates that the temporal changes in con-
centration are affected by the vertical gradients in
the gravitational settling flux, F., and the upward
diffusive flux, F,. Since advective effects have been
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neglected in this equation, the treatment inherently
becomes somewhat restrictive as a result. However,
it is advantageous to highlight the role of vertical
mass fluxes in simulating wave-induced turbidity.
The upward diffusive flux, Fd, is expressed as
F= —Kzic- 3)
oz
where K, is the vertical mass diffusivity. For sedi-
ment in suspension the vertical diffusivity, K,, is
a function of concentration gradient (3C/gz), be-
cause there is diffusion damping associated with
density gradient due to negative buoyancy. Due to
this fact the diffusive flux is highly nonlinear in
concentration gradient dependence. The settling
flux, F,, is expressed as

F=WC @)

where the settling velocity, W, is in general a func-
tion of concentration. Therefore, the settling flux is
also non-linear in concentration dependence.

Boundary conditions at the water surface and se-
diment bed must be defined for the solution of Eq.
(2). At the water surface (z=0). the net zero flux
condition is applied so that F=F;+F;=0. This
means there is no net transport across the free sur-
face and, therefore, diffusion flux always counterba-
lances the settling flux. At the sediment bed (z=2z).
it is essential to define a bed flux term, F, (mass
of sediment per unit bed area per unit time) as
concerns erosion (F.) and deposition (F,) fluxes. For
example, at the bed Fy;=F. during erosional event
and F,=F, during deposition. The magnitudes of
F. and F, are typically based on bed shear stresses
relative to threshold erosion and deposition shear
stress values, respectively. It is evident then that the
characteristics of the concentration profile are quite
sensitive to the time histories of erosion and deposi-
tion, since these represent the source or sink to the
total mass in suspension. For example, if the bed
erosion flux exceeds the entrainment rate of the
near bottom, high concentration layer into the up-
per water column, a fluidized mud layer would
form.

3.2 Bed Fluxes

The bed fluxes are the overall source and sink
components of sediment mass in the evolution of
the vertical suspension profile, corresponding to the
deposition flux, F,, and the erosion flux, F.. In the
natural environment, it is often difficult to separa-
tely identify the phases of the deposition and those
of the erosion as a consequence of the time-depen-
dent nature of the flow field. For the purpose of
mathematical modeling, however, deposition and
erosion of fine cohesive sediment must be provided
as separate, bed shear stress dependent, relation-
ships.

Expression for the erosion flux for erosion under
wave action (Maa, 1986) is given as

R ©)

ot T

where m is the suspended sediment mass per unit
bed area, 1, is the bed shear stress, t, is the critical
bed shear strength for erosion, and & is the erosion
rate when t,=2t,. Since shear strength of a uniform
bed does not vary with depth, the erosion flux (F.)
remains constant, represented by em, under a cons-
tant 1. In general, both t, and ev depend on the
sedimentary composition and bed density, and need
to be determined from laboratory tests in which
beds of different densities of the given sediment
are eroded at different applied stresses.

Fig. 3 shows an example of the type of erosion
rate-bed shear stress relationship obtained with mu-
ddy sediment from Lake Okeechobee (Hwang, 19
89). The bulk density (ps) was 1.10 g/cm’. The fine-
grained sediment was rich in organics (40% by wei-
ght), and the predominant clay in the sediment was
kaolinite, together with sepiolite and montmorillo-
nite. For such a sediment the mud-water interface
is usually ill-defined even under quiescent condi-
tions; a relatively thin “fluff” layer of largely organic
aggregates of practically no shear strength overlies
stronger material below. The outcome is two distinct
erosion rate lines, with the initial one corresponding
to practically no shear strength. The second steeper
line. essentially representing be erosion, corresponds
to t,=043 N/m’ (obtained by extrapolation) and
em=2.82 mg/cm’/hr in conformity with Eq. (5). With
increasing bed density t, increases while ey decrea-
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Fig. 3. An illustrative erosion rate relationship obtained
in laboratory flume experiment using mud and
fluid from Lake Okeechobee.

ses. Experimental data such as those in Fig. 3 (ig-
noring the relatively minor contribution from fluff
erosion) were used to obtain relationships of the
form;

t=alps—p)*t+e, (6)

and

M

Inew=s, exp or—pr
where a,=088, b,=02, p,=1.065 g/cm’, 5,=023, 5,=
0.198 and p;=1.002 g/cm’

Depth-varying density is characteristic of muddy
deposits. The profile shown in Fig. 4 is illustrative
of bulk density profiles found at the bottom of Lake
Okeechobee. The density increased relatively rapidly
in the top ~10 cm followed by a more or less
uniform substrate approaching 1.2 g/cm®. Assuming
a uniform bottom sediment density or concentration
is thercfore unrealistic particularly in the top few
centimeters. In fact, as a consequence of the depen-
dence to v, and &y on ps, the rate at which the
bed will scour under a constant applied stress will
decrease with time until at some depth t,=t,, when
erosion will cease,

It is essential to point out that erosion rate expre-
ssions of the form of Eq. (5) are only applicable
to comparatively dense beds having measurable st-
rength. At low bulk densities there is practically no
effective stress in the sediment-fluid mixture, and
the mud is essentially a fluid (Sills and Elder, 1986).
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Fig. 4. Typical bulk density variation of the bottom mud
layer with depth in Lake Okeechobee.

Entrainment of fluid mud is dependent on a repre-
sentative Richardson number accounting for density
stratification between the fluid layer and overlying
water (Odd and Rodger, 1986; Srinivas, 1989). Reco-
gnizing, however, that for the demonstrative purpose
at hand, since the use of an entrainment function
different from Eq. (5) for the fluid portion of the
bottom deposit would not generate materially diffe-
rent results, at least in the qualitative sense, Eq.
(5) is assumed to be applicable to the entire deposit
below the mud-water interface defined under quies-
cent (no-wave) initial condition, ie. when all sedi-
ment is settled with clear water above. For future
reference, however, it is worth bearing in mind the
limitations of using Eq. (5) in fluidized mud enviro-
nments.

The rate of deposition, F,, is obtained from (Me-
hta, 1988a)

om
F=2"=_,wcC 8
» ot W, (8)
where p is defined as the probability of deposition,
and C is the near-bed suspended sediment concent-
ration. The probability of deposition, p, is described
by

p=H{1-—) ©)

where 1. is a critical shear stress for deposition and
H is a heavyside function represented as H=1
when tw<t. and H=0 when w>t. A typical value
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Fig. 5. A schematic description of settling velocity varia-
tion with suspension concentration of fine-grained
sediment.

for t. is considered to be 0.1 N/m? (Mechta, 1988a).
The settling velocity, W, is the critically important
parameter in specifying F,, and is discussed further
later.

3.3 Settling Velocity

The settling velocity of cohesive sediment strongly
varies with concentration in suspension. Moreover,
the settling velocity is a function of the suspension
and not exclusively of the sediment (Mehta, 1988b).
Fig. 5 is a descriptive plot of the relationship which
may typically be found between the settling velocity,
W, and the suspended sediment concentration, C.
Also shown is the variation of the corresponding
settling flux, F;=W, C. The settling velocity regime
can be conveniently divided into three sub-ranges
depending upon the concentration. These are iden-
tified as free setting, flocculation settling and hin-
dered settling,

Free settling occurs in the range of C less than
C: as identified in Figure 5. In this range the parti-
cles or aggregates settle independently without mu-
tual interference and the settling velocity no longer
depends on concentration. It is also noteworthy that
very small particles of less than ~1 um size are
influenced by Brownian motion and do not settle
early. For such particles Ws must be corrected for

by concentration from Brownian diffusion (Lick,
1982). For cohesive sediments, the upper concentra-
tion limit, C,, is considered to be in the range of
0.1 to 03 g/ (Mehta, 1988b).

Between concentrations C, and C,, identified as
the flocculation settling range, increasing concentra-
tion leads to increasing interparticle collision and
consequently enhanced aggregation. This in turn
means that the settling velocity increases with con-
centration due to the formation of stronger, denser
and possibly larger aggregates. In the flocculation
settling range, the typical relationship of the settling
velocity to the concentration is

W=k, (10)

Theoretically, a is 4/3, although the actual value
typically varies between about 0.8 and 2 (Krone,
1962; Mehta, 1988b). The proportionality coefficient,
ki, can vary by an order of magnitude depending
upon sediment composition and flow environment.

At concentrations in excess of C,, the occurrence
of an aggregate network hinders the upward trans-
port of interstitial water. Consequently, W, decreases
with increasing C (Kynch, 1952) as indicated in Fig.
5. This is commonly termed hindered settling. The
general expression for the settling velocity in the
hindered settling region is

W,=W,[1~kAC~C))1F 11

where W, is the maximum settling velocity that
corresponds to C,, k; is the inverse of the concent-
ration in excess of C, at which W,=0 and theoreti-
cally B is 5. Although the settling velocity decreases
at concentrations in excess of C, however, the sett-
ling flux, F,, increases with C up to C; where it
attains a peak value of F,,. This is due to the minu-
scule decrease of settling velocity between C, and
C; in comparison with the increase of concentra-
tion. At values of C higher than C; the flux also
decreases relatively rapidly with increasing C. At
concentrations greater than C, there is negligible
settling,

Fig. 6 shows an example of settling velocity data
using Lake Okeechobee mud obtained in a 2 m
tall settling column (Hwang, 1989). The relation-
ship
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ig. 6. Settling velocity data from a laboratory settling co-
lumn experiment using sediment and fluid from
Lake Okeechobee.

aC™

W=y

(12)
which is modified from Wolanski et al (1989), has
been used to represent both flocculation settling and
hindered settling, with a=33.38, b=2.54, n=183
and m=1.89. Note that the corresponding curve for
the flux, F,, is obtained by replacing n by n+1
in Eq. (4). Note further that the peak valuc of Ws
is defined by

- (Wn_l)m ni2

W=l e o — 1y

(13)

and furthermore

=t (14)
Sl
n
and
- b
C—ﬁ (15)
n+l

3.4 Diffusive Flux

Suspended fine sediments increase the bulk den-
sity of suspension and lead to the vertically stratified
structure of suspension density. This stratification
due to bulk density variation alters the vertical fluid

momentum and mass mixing characteristics. Bulk
density, pg, is related to suspension concentration,
as

ps=p,+C(1--2) (16)
Py

where p, and p, are the water and sediment granu-
lar densities, respectively. When the bulk density
increases upwards the stratification is stable and it
becomes unstable when the density variation is re-
versed.

For turbulence under conditions of local equilib-
rium, the most obvious measure of stability (or mi-
xing) is given by the gradient Richardson num-
ber

g——*‘;‘:’
R=—"""— (a7

F’B(%% )2

where g denotes gravity acceleration, u is the hori-
zontal velocity magnitude, and z represents the ver-
tically downward positive axis. Positive values of
R; indicate stable stratification, negative values de-
note unstable stratification, and R;=0 corresponds
to a neutral (non-stratified) condition. In the case
of Ri<0, turbulent energy is increased and for Ri>0,
buoyancy becomes negative, indicating that kinetic
energy is lost. If a positive R; becomes large enough,
it leads to complete suppression of all turbulence.
Classical phenomenologically based forms for
mass diffusivity in stratified flow are typically of
the Munk and Anderson (1948) form as
Kz=——&—— (18)
(1+BR)"*
where K, and K, are the vertical mass diffusivities
for stratified and neutral flows, respectively, and a
and 8 are generally non-negative empirical consta-
nts. Note that for positive a and B, increasing den-~
sity gradient (gps/9z) leads to increasing R; and con-
sequently decreases K, relative to K. It means that
stratification acts to reduce diffusion by damping,
A plausible expression for the diffusivity under
waves is given by Hwang and Wang (1982). They
indicate, in the determination of diffusivity under
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wave field, Prandtl’s mixing theory may not be app-
licable due to the large scale of the wave motion.
Emphasizing the dominant role of the vertical com-
ponents of wave induced particle velocity in the
diffusion process, they suggested the following exp-
ression for K

sinh’k(h+2)

-
K=ol = Wkh

(19)
where q,, is a constant, H is wave height, o is wave
frequency, k is wave number, and h is water depth.
Ross (1988) showed that this equation is a promi-
sing expression, based on energy dissipation consi-
deration, for diffusivity under wave action. It should
be noted that Eq. (19) is not applicable inside the
wave boundary layer. Effects of the boundary layer
next to the bed greatly increase the vertical mixing
under waves due to the relatively large velocity gra-
dients and shear (Neilson, 1979). However, diffusion
in this layer is often neglected since it is very small
(Maa, 1986). Outside the boundary layer, the velo-
city amplitude gradients increase with distance
above the bottom to a maximum at the surface.

4. SIMULATION OF CONCENTRATION
PROFILE

The vertical sediment transport model described
previously was applied to Lake Okeechobee to exa-
mine the evolution of vertical suspension concent-
rations of fine sediment in wave-dominated enviro-
nments, in general. The vertical transport model was
originally developed by Ross (1988); however, the
original model did not include the calculation of
eroded or deposited bed depth and did not consider
the effects of different degrees of wave action. The-
refore, the model was modified for these purposes.

The vertical transport model solves Eq. (2) th-
rough a finite difference scheme, using boundary
conditions specified by Egs. (5) and (8), and the
relationship between t,, ew and pp given earlier. In
order to run the model, the bed density profile in
Fig. 4 was used. Through the least squares fit me-
thod, the expression for the variation of bulk density
with bed depth was obtained using:

Pe=pi tanh[pz(z +p3)] +ps (20)

where pi, p2, ps and ps are 0.087, 0372, 58 and
1.087, respectively. The selected water depth was 4.6
m, as used by Gleason and Stone (1975). The sett-
ling velocity was obtained from Fig. 6 (Eq. (4)). In
this case, the concentration C; below which settling
was considered to be free was selected to be 0.1
g/L.. A value of 0.5 was used for parameters o and
B in Equation 18 and in Equation 19 the selected
value of a, for Lake Okeechobee was 1.56X1072
The bed shear stress was computed from

1
%= ?prubz @n

where f, is the wave friction factor, p is the fluid
density and ub is the velocity amplitude at the bed
obtained from linear wave theory. The parameter
fw was selected to be 0.01 based on the work of
Jonsson (1966); see Hwang (1989) for more details.
The calculation of ©, from u, using Eq. (21), and
the subsequent use of t, as the erosion forcing pa-
rameter implies quasi-steady conditions in which
the rates of turbulence production and dissipation
in the wave boundary layer are in equilibrium. This
equilibrium assumption is therefore inherent in the
present study.

Illustrations of simulated concentration profiles
are shown in Figs. 7 and 8. The concentration pro-
files given in Fig. 7 pertain to the simulation of
the Gleason and Stone (1975) field experiment. Si-
nce Gleason and Stone did not report wave condi-
tions during their concentration measurements,
storm waves of 0.9 m height and 4 sec. period were
used to approximate extreme conditions in Lake
Okeechobee. The simulation was started with a
clear water column and a fluid mud layer near the
bottom. The wave action was continued until the
concentration reached 102 mg/L, with the aim to
determine the corresponding erodible depth of the
bed layer and the corresponding thickness of the
fluid mud layer. For this purpose, it was necessary
to specify a representative density (concentration)
of the fluid mud layer, which was selected to be
39 g/L. As shown in Fig. 7, the 102 mg/L concent-
ration occurred at about 11 hr after the beginning
of wave action. At 11 hr, the model predicted 1.3
cm of bed erosion as compared to 23 mm of bed
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Fig. 8. Simulated settling of suspended sediment under no-
wave condition.

crosion suggested by Gleason and Stone under the
assumption of uniform water column concentration.

There is a qualitative agreement between the si-
mulated results shown in Fig. 7 and the profile evo-
lution under prototype conditions (profiles A, B, C)
shown in Fig. 1 (Kemp and Wells, 1987). A notewo-
rthy observation is that in both cases the concentra~
tion over the upper 80% of the water column is

quite low, and that most of the sediment was con-
centrated over a relatively small height above the
bed. Further entrainment of the lutocline was un-
doubtedly constrained by the submerged weight of
the high concentration layer below the Ilutocline,
and the lack of a strong mechanism for diffusion.

Fig. 8 represents the followup “post-storm” situa-
tion using the concentration profile at 11 hours (Fig.
7)., assuming no wave action after this time. The
profile at 35 hours resulted solely due to settling,
indicating lower near-surface as well as near-bed
concentrations than at 11 hours. At this stage, the
redeposited bed depth was 2.7 cm. Eventually, of
course, all of the material would settle provided the
conditions remained calm. It is noteworthy that in
reality the rate of reformation of the bed would
most probably be slower than that implied from
this simulation, because the density of newly formed
bed will be lower than that of the initial bed used
for the simulation shown in Fig. 7, the comparati-
vely more settled initial deposit. Freshly deposited
materials dewater and their density increases with
time within hours (Parchure and Mehta, 1985). Ho-
wever, dewatering becomes slower in the presence
of ongoing settling of the sediment from the upper
water column (Silis and Elder, 1986).

5. ERODIBLE DEPTH

The erodible bed depth is dependent on the thic-
kness and concentration of the overlying fluid mud
zone. In order to examine this issue further it is
essential to define this zone through physical reaso-
ning. Here, an operational definition of the fluidized
mud layer thickness, consistent with relatively easily
and routinely obtained sedimentary data, is consi-
dered as follows (see Fig. 9).

Under conditions defined by settling of suspen-
sion in the absence of upward diffusion, or very
weak diffusion, the lutocline can be represented by
concentration Ci in Fig. 5. The relevant argument
for this statement {s that at this elevation (Ci)

ok,

= 22
3C 0 (22)

By the chain rule Eq. (22) can be rewritten as
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Fig. 9. An operational definition of fluid mud zone.
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Eq. (23) implies that in order for gF./9C=0, 9C/gz.
should approach infinity, which precisely represents
the lutocline. Therefore, p; converted from C; can
be considered to represent the upper level of the
fluid zone. Below this level settling is hindered and
the flux, F,, decreases with depth. From Fig. 6 and
Eq. (15), C;=438 g/L, which yields p;=1.002 g/em’,
using p,=10 g/em® and p,=2.14 g/cm’. The rather
low value of ps is indicative of the high organics
fraction in the sediment (Hwang, 1989).

The lower level of the fluid mud zone is conve-
niently defined here as the value of the bulk den-
sity, p. at and above which the substrate possesses
a measurable shear strength, t,, as obtained from
the standard vane shear test. In order to estimate
p: bottom cores were opened up and t, was measu-
red at different depths below the mud surface. The
bulk density of the mud was likewise measured at
different depths. Fig. 10 shows the results based on
an analysis of a number of cores from Lake Okee-
chobee. The data indicate a discernible correlation
between v, and pg. Extrapolation of the¢ mean line
yields a density of 1.065 g/cm?® below which there
is no strength; hence p=1.065 g/cm’ may be selec-
ted.

Given these values of p; and p, the density profile
of Fig. 4 yields a 5 cm thick fluidized mud layer.
Other density profiles from other sites in the lake
showed a fluidized mud layer thickness up to 12
cm, which is consistent with the fluid zone thick-
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Fig. 10. Vane shear strength versus mud bulk density ba-
sed on bottom core samples from Lake Okeecho-
bee.

ness range of Gleason and Stone (1975).
6. CONCLUDING REMARKS

The evolution of fine sediment concentration
profiles and the corresponding eroded bed depth
in a shallow lake have been examined assuming
a purely wave determined flow environment. Simu-
lation of the vertical sediment concentration profiles
under storm wave action exhibited qualitative ag-
reement with previous field observations of fine se-
diment concentration variation with depth. Charac-
teristic features of the evolution process were the
formation of a lutocline, the presence of a fluid
mud layer near the bed and the existence of relati-
vely low surficial concentrations. The concentration
over the upper 80% of the water column was quite
low, as most of the sediment was elevated over a
relatively small distance above the bed. It is empha-
sized that based on these observations measurement
of surface concentration alone can lead to an order
of magnitude underestimation of the erodible bed
depth. Accurate determination of the erodible bed
depth depends upon an understanding of near-bed
high concentration suspension dynamics.

Through an examination of the erodibility of
mud by waves and the character of fluidized mud
zone, an effort has been made to establish the con-
nection between the erodible mud thickness due
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to resuspension during storm wave action, and the
fluidized mud zone thickness as identified from bo-
ttom cores. The actual thickness of this “active”
mud surficial layer at a site will of course depend
on the intensity and frequency of wave action, water
depth and the thickness and character of the bot-
tom mud. In Lake Okeechobee, the thickness of
this active mud layer (fluidized mud thickness plus
erodible bed thickness) appears to be on the order
of 10 cm below the stationary mud-water interface.

The primary conclusion is that accurate measure-
ment of instantaneous vertical concentration profiles
is vitally important to studies of bottom sediment-
induced turbidity, and in establishing the erodible
thickness of the bed by wave action. Such profiling,
when carried out effectively, can also yield valuable
information on the microstructure of fine sediment
suspensions, as has been demonstrated elsewhere
(Kirby, 1986). Furthermoreiit is essential to track the
evolution of the near-bed suspended sediment load,
since this highly non-Newtonian “slurry” is usually
responsible for sedimentation problems in many
episodic environments. ’
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