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ABSTRACT: We performed a series of laboratory experiments to in-
vestigate the interactions of a turbulent wave boundary layer with a
predominantly silt-size sediment bed. Quasi-steady, turbulent, high-
density suspensions (HDS) formed over a wide range of wave condi-
tions and had near-bed (;1 mm above bed) concentrations ranging
from 17 to 81 g/l scaling roughly with the wave orbital velocity. HDS
were defined by the presence of a lutocline, an abrupt change in ver-
tical concentration gradient. Despite the initial bed being 70% silt and
20% sand, HDS had significant near-bed sand fractions ranging from
27 to 78%. Winnowing of the bed caused more concentrated HDS to
be coarser grained, which in turn caused the suspensions to be thinner
because of the greater settling velocity of the sediment. Our experi-
ments are consistent with a dynamic feedback model where suspended
sediment is limited through sediment-induced stratification expressed
with a bulk Richardson number. However, our computed values of the
bulk Richardson number converge to a value that is an order of mag-
nitude less than the critical value of 0.25 that is typically assumed. The
experimental wave orbital velocities (15–60 cm/s) and periods (3–8 s),
as well as the characteristics of the HDS and the bed in our experi-
ments, were comparable to observations made on the Eel shelf, Cali-
fornia, during storm conditions when fluid mud has been observed.

INTRODUCTION

The processes that transport sediment across continental shelves and ul-
timately control shelf sedimentology and morphology have been debated
for over twenty-five years. For example, evidence from the geologic record
suggested to early workers that storm-induced turbidity currents were an
important, if not dominant, process in cross-shelf transport (Hamblin and
Walker 1979; Walker 1985a; Walker 1985b). However, oceanic observa-
tions indicated that storms produced shore-parallel geostrophic flows, not
turbidity currents (Swift et al. 1986). Recent studies on the Eel shelf, Cal-
ifornia, have pointed to a third possibility. Large storm waves produced
near-bed, high-density suspensions (HDS), also called fluid muds, 5–15 cm
thick with near-bed sediment concentrations greater than 10 g/l (Ogston et
al. 2000; Puig et al. 2003; Traykovski et al. 2000). HDS, when formed on
a sloping bed, might lead to significant wave-supported, gravity-driven,
cross-shelf sediment transport (Traykovski et al. 2000; Wright et al. 2001).
Despite recent field studies, little is known about HDS because detailed
measurements inside concentrated suspensions are difficult. For example,
one of the better-instrumented studies was that of Traykovski et al. (2000).
They were able to measure vertical profiles of suspended sediment con-
centration, but they were unable to measure grain size or sediment con-
centrations in excess of ;10 g/l. Wright et al. (2001) have suggested a
simple model to predict the concentration of HDS through the use of a
critical bulk Richardson number. Unfortunately, such a model cannot yet
be tested quantitatively because of the limited field measurements.

In order to address this knowledge gap we conducted a series of ex-
ploratory experiments using a laboratory wave facility with a primarily silt-
size sediment bed. While experimentalists have analyzed wave boundary
layers over immobile beds (e.g., Jensen et al. 1989; Justesen 1991) and
over mobile sand beds (e.g., Arnott and Southard 1990), to our knowledge
we present the first experimental study to produce turbulent wave boundary
layers over a fine-grained sediment bed where large concentrations (.10

g/l) of sediment were suspended. In this paper we focus on (1) what wave
conditions produce HDS, (2) what parameters set the height, concentration,
and grain size of HDS, and (3) what bed morphology and depositional
stratigraphy result from HDS. In addition, we compare our results to field
observations and models, and discuss the implications of our study to shelf
sediment transport.

EXPERIMENTAL FACILITY

The experimental wave facility is a U-tube consisting of a sealed test
section and two end tanks (Fig. 1). One end tank serves as a standpipe
with a free surface, and the other contains a motor that drives a piston.
When the U-tube is filled with water, forcing from the piston produces
nearly sinusoidal horizontal oscillations in the test section that span wave
periods of 3 to 8 seconds and wave orbital velocities of 15 to 60 cm/s. The
U-tube does not produce true orbital motions, which are typical of water
motion under surface gravity waves near a free surface; rather it produces
horizontally oscillating motions, which are typical of surface-gravity-wave
motions near a fixed boundary (e.g., the seabed). During larger periods
(.5 s) and wave orbital velocities (.40 cm/s) the oscillations develop
slight asymmetries because these conditions deviate from the natural period
of the U-tube.

Plastic honeycomb in between the test section and the end tanks (Fig.
1) minimize turbulence from the end tanks, such that turbulent fluctuations
are held to less than 10% of the orbital motions (Lamb et al. 2004). There-
fore, the majority of the turbulence near the walls in the test section is
produced at the boundaries. Although the test section is only 20 cm wide,
the side boundary layers are not a significant fraction of the width (,10%)
and therefore do not significantly influence the water column. The facility
is equipped with a roughened false floor (120 grit sand paper), making the
bottom boundary layer thicker than the side boundary layers. In sediment-
free conditions the bottom boundary layer is consistent in vertical form to
previous field, laboratory, and theoretical studies (Lamb et al. 2004).

The piston seal is not completely waterproof, so that throughout an ex-
periment, water leaks from the U-tube into the upper portion of the piston
chamber. A small overflow pump returns this water to the U-tube via the
downstream end tank, so that the water level is constant during an exper-
iment. This water displacement produces a slight current (,3 cm/s) in the
test section, which is assumed negligible because it is much slower than
the wave orbital velocity.

EXPERIMENTAL PROCEDURE

Two different sets of experiments were performed in the U-tube. The
first used freshwater over a predominantly silt-sized sediment bed (Fig. 2),
and the second used a dense bottom saline layer over the immobile false
floor. These two sets of experiments will be referred to as the sediment
and the saline experiments, respectively.

For each experiment velocity measurements were taken with a micro-
acoustic Doppler velocimeter (ADV). The ADV was used to measure the
orbital velocity Uorb and the period Tw of the waves for each experiment
(Table 1). Uorb is defined as Ï2Urms, where Urms is the root-mean-square
of the streamwise velocity. Tw was calculated from every second zero-
crossing in the streamwise velocity time series. Both Uorb and Tw were
calculated on the basis of an average of the free-stream data (i.e., data
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FIG. 1.—Schematic of experimental U-tube in
plan view (top) and side view (bottom).

FIG. 2.—Grain-size distribution of the initial sediment bed mixture and of sedi-
ment sampled from a ripple. The fine fraction for the ripple could not be analyzed
because of the small volume of sediment in this size class.

taken well outside of the boundary layer, i.e., z . 10 cm, where z denotes
the vertical height above the bed). The wave excursion amplitude for each
experiment is defined as A [ UorbTw /2p. A modeled bed shear velocity
u*gm was calculated following Grant and Madsen (1979), where Uorb, Tw,
and a hydraulic roughness scale ks were input parameters. For the sediment
runs, ks was estimated as 4h when ripples were present, where h is ripple
height (e.g., Wikramanayake and Madsen 1990), and 0.1 cm in plane-bed
conditions.

In addition to velocity measurements, water samples were taken during
the sediment experiments. A rake of 11 vertically stacked siphons, each
with an inside diameter of 2.1 mm, was mounted near the ADV in the test
section (Fig. 1). The vertical position of the rake was measured using a
scale on the siphon mount, which gave a vertical error of ;1 mm based
on repeated measurements. During an experiment the rake was placed such
that the lowermost siphon rested on or was just above the bed. Two sets
of siphon samples were taken for each experiment separated by ;60 min-
utes, the average of which is given in the Results section. Each 250 mL
siphon sample was taken over a duration of ;20Tw. To avoid sampling

errors, the flow rate in the siphons was of the same order as the wave
orbital velocity in the test section (;½Uorb). The samples were weighed
and dried to measure the sediment concentration. The dried sediment sam-
ples were dispersed and passed through a 63 mm sieve. Grain-size distri-
butions were calculated on the sand fraction (D . 63 mm) using a settling
column, and on the silt (3.9 mm , D , 63 mm) and clay fractions (D ,
3.9 mm) using a Micrometrics SediGraph 5100.

The siphon samples were used to make vertical profiles of volumetric
sediment concentration (c) and mean grain size (D50) for each experiment.
The concentration of the lowest siphon sample was defined as the near-bed
sediment concentration (Cbed). For the experiments with HDS, the top of
the suspension (H ) was defined by a lutocline (i.e., an abrupt change in
vertical concentration gradient). H was calculated for each experiment as
the height above the bed where the local concentration equaled 10% of
Cbed using a linear interpolation between data points. In order to correct
for suspended sediment that might have been due to mixing in the end
tanks, the background sediment concentration (defined as the vertically av-
eraged sediment concentration above 10 cm above the bed) was subtracted
from both the local concentration and Cbed before calculating H. This mea-
sure of H was used because it conveniently yielded lutocline heights con-
sistent with visually observed heights of the HDS and the heights of an
abrupt change in concentration gradient measured with the siphons. Depth-
averaged grain size (D50) and concentration (Cave) inside the HDS were
calculated as # D50c dz/# c dz and 1/H # c dz, respectively, using aH H H

0 0 0

linear finite difference approximation.

RESULTS

Reynolds Number

Jensen et al. (1989) suggested that the appropriate form of the Reynolds
Number R for a wave boundary layer is R 5 AUorb /n, where n is the
kinematic viscosity of the fluid, assumed to be 0.01 cm2/s. Wave boundary
layers are considered to be turbulent for R . 105. However, Jensen et al.
(1989) stress that there are significant parts of the wave half-cycle that are
not fully turbulent over a smooth bed even at R 5 106. This value is likely
an overestimate for the rough beds in these experiments. The computed
value of R for the salt experiment was 2.6 x 104. The computed Reynolds
numbers for the sediment experiments range from 0.5 x 105 to 3 x 105

(Table 1). Therefore all of the sediment experiments likely had turbulent
wave boundary layers, which is consistent with our visual observations of
eddies and measurements of turbulent kinetic energy (Lamb et al. 2004).
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TABLE 1.—Measured and computed values from the 15 sediment experiments.

Experiment

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15

Uorb (cm s21)
Tw (s)
R 3 1025

H (cm)
H10 (cm)

21.7
6.0
0.45

no HDS
n/a

23.8
7.7
0.69

no HDS
n/a

28.3
5.9
0.75

no HDS
n/a

30.3
4.3
0.63
7.8
3.37

31.9
7.5
1.22
7.3
1.99

37.2
5.9
1.30
6.8
2.76

41.1
7.5
2.03
7.2
3.76

30.6
6.1
0.91
7.1
2.80

33.5
4.9
0.88
5.1
3.08

44.6
4.9
1.55
3.1
3.08

55.0
5.6
2.72
3.8
9.65

52.3
4.2
1.84
3.9
7.02

40.6
6.0
1.56
3.3
2.82

38.0
5.0
1.14
4.7
4.70

38.2
4.3
0.99
4.7
4.73

Cave (g l21)
Cbed (g l21)
C10cmab (g l21)
C30cmab (g l21)
%sandbed

n/a
3.2
1.51
0.93

13.0

n/a
7.1
2.26
1.31

28.6

n/a
10.7

1.93
1.74
5.3

6.0
17.3

2.06
1.15

43.8

6.4
20.5
2.89

1.87
41.2

8.9
22.3

5.75
4.79

27.0

9.2
24.7
6.98
5.58

48.4

7.8
29.1
2.71
1.59

47.1

14.0
33.8
3.08
2.22

34.5

16.0
47.0
6.52
5.38

56.3

20.1
50.1
9.94
8.62

41.0

20.8
53.3
9.12
8.01

47.3

21.0
50.8
4.43
3.61

78.1

25.0
73.9
4.45
2.78

56.7

25.4
80.7
3.99
2.56

67.7
%siltbed

%claybed

%sand10cmab

%sand30cmab

D50 (mm)

n/a
n/a
0.0
0.0
n/a

n/a
n/a
0.0
0.0
n/a

49.0
49.7

0.0
0.0
n/a

50.8
5.4
0.0
0.0

21.2

54.5
4.3
4.2
0.0

33.6

61.9
11.1

2.1
1.3

25.0

46.6
5.0
2.3
2.0

34.4

49.7
3.2
0.0
0.0

34.3

60.1
5.4
3.9
0.0

35.8

40.4
3.3
2.9
1.5

66.3

53.6
5.4
5.1
4.6

36.6

30.9
4.3
4.4
3.0

48.3

20.1
1.8
2.0
0.0

60.7

40.4
2.9
0.0
0.0

59.1

31.2
2.3
3.8
0.0

61.6
h (cm)
l (cm)
dbl (cm)
dgm (cm)

0.86
8.29
2.49
1.87

1.22
6.70
0.95
2.64

0.20
6.00
1.04
1.50

1.30
13.00

?
2.13

0.60
7.58
1.63
2.62

0.50
?
0.80
2.33

0.50
8.00

,0.3
3.01

0.75
8.25

,0.3
2.33

0.65
7.00

,0.3
2.04

0.75
9.25

,0.3
2.59

plane
plane

,0.3
1.20

1.10
9.10

,0.3
2.92

0.43
7.83

,0.3
2.41

0.68
9.60

,0.3
2.27

0.75
7.50

,0.3
2.11

Ri 3 102

HVM (cm)
u*gm (cm s21)

n/a
17.9
4.79

n/a
21.0
5.28

n/a
14.5

3.92

3.10
19.7

7.61

2.84
15.1

5.32

2.69
16.3

6.05

2.38
16.9
6.11

3.57
13.7
5.83

3.89
11.2
6.34

1.55
11.5
8.12

1.53
6.4
4.74

1.81
16.5
10.61

2.60
8.9
6.20

4.99
8.8
7.02

4.96
8.5
7.56

Refer to list of notation for symbol definitions. Experiments 1–3 did not produce definable HDS.

FIG. 3.—Photograph of the high-density suspension from experiment S9. The sed-
iment was white. The lighting was from below and at an angle to maximize the
visibility of the HDS. The clear water region above the HDS was dilute in com-
parison to the HDS, but still had sediment concentrations of ;2–3 g/l (Table 1).
Note the strong turbulent deformation in the HDS and the patchiness of the sus-
pended sediment. The actual patchiness was greater than what appears in the pho-
tograph because of smearing during the exposure time.

Sediment Experiments

A series of fifteen experiments were performed in which the false floor
was replaced with a 15-cm-thick sediment bed, and the U-tube was filled
with fresh water. The sediment mixture was composed of crushed silica
silt with a mean particle size of ;26 mm (Fig. 2). The predominantly silt-
size mixture contained approximately 10% clay (D , 3.9 mm) and 20%
sand (D . 63 mm).

Initial Bed Placement.—To begin an experiment, dry sediment was
added to the test section and the U-tube was slowly filled with freshwater.
Initially, the wave oscillations caused the sediment bed to liquify and
spread laterally in the test section until it was of uniform thickness and the
surface of the bed was smooth and level. The bed appeared liquefied for
;10 minutes, because it shifted back and forth on the order of a centimeter

in response to changes in pressure induced by the piston. During the liq-
uefaction period, sediment and pore water was funneled from the bed to
the sediment–water interface through a series of quasi-periodic (spaced on
the order of 10 cm) conduits in the liquefied bed. We did not observe
sorting of the bed sediment as a result of this process.

New sediment was added to the test section every third or fourth exper-
iment to account for the loss of sediment to the end tanks and to maintain
the sediment bed with a uniform thickness of 10–15 cm. Bed liquefaction
did not occur at the beginning of every experiment, but only when new
sediment was added to the test section. For the experiments that did not
have newly added sediment, the order of the experiments was set such that
each experiment had wave conditions that produced a higher bed shear
stress than the previous. This allowed the sorted deposit from a previous
run to be easily eroded within the first several minutes of a new experiment,
so that the suspensions were not affected by the initial bed conditions.

High-Density Suspensions.—For most of the experiments, a dense layer
of suspended sediment became visible above the bed a few minutes after
a run commenced (with or without liquefaction), indicating rapid entrain-
ment of sediment (Figs. 3, 4). These HDS had depth-averaged concentra-
tions (Cave) ranging from 6 g/l to 25 g/l and near-bed sediment concentra-
tions (Cbed) greater than 10 g/l and as high as 80 g/l (Table 1). Despite
high sediment concentrations, HDS were turbulent, with dominant eddies
switching directions with the wave oscillations. The suspensions were sep-
arated from the upper water column by a lutocline typically 2–8 cm above
the bed (cmab) (Table 1). The suspensions appeared to be in a quasi-steady
state because they did not change significantly in thickness or in sediment
concentration for the duration of an experiment (;90 min). In fact, they
did not even change thickness as they moved over the ripples on the bed,
giving the lutocline an undulating appearance. Experiments with higher R,
Uorb, and bed shear (u*gm) produced suspensions with higher sediment
concentrations (Fig. 5). Experiments 1, 2, and 3, which did not produce
definable lutoclines, had lower values of R (,7.5 3 104), Uorb (,29 cm/
s), and Cbed (,11 g/l).

Vertical sorting in the water column caused many of the HDS to be
enriched in sand with respect to the original bed, especially near the bed.
For example, in experiment S13 the sediment was mostly mud (silt 1 clay)
above the lutocline (Figs. 6, 7). Near the lutocline the proportions of sand
and mud approached that of the bed (i.e., 20% sand and 80% mud) (Fig.
7). Below the lutocline, the increase in total sediment concentration was
almost entirely due to the sand fraction. This vertical sorting resulted in
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FIG. 4.—Vertical profiles of sediment concentration from all of the experiments
that had HDS (experiments S4–S15). The height above the bed (z) is nondimen-
sionalized by the height of the lutocline for each experiment.

FIG. 6.—Vertical profile of clay, silt, sand, and total sediment concentration for
experiment S13. Experiment S13 is used as an example experiment because it had
a highly concentrated suspension with a well developed lutocline. The profiles
shown are the average of two measured profiles separated by approximately 60
minutes. The horizontal error bars represent the standard deviation between these
two profiles. Note the small difference between the two profiles, indicating that the
HDS were in a quasi-steady state. The vertical error bars on the total concentration
profile represent the average ripple height for this experiment. The profiles of silt
and clay do not extend above the lutocline (H ) because the samples were too small
to separate silt from clay.

FIG. 5.—Comparison of the near-bed sediment concentration Cbed with the orbital
velocity Uorb, Reynolds number R, and modeled shear velocity u*gm calculated from
the Grant and Madsen (1979) wave-boundary-layer model.

FIG. 7.—Vertical profiles of the percent of clay, silt, mud, and sand from exper-
iment S13. Experiment S13 is used as an example experiment because it had a highly
concentrated suspension with a well developed lutocline. The samples taken above
H were too small to split into clay and silt, and are therefore shown as percent mud
(5clay 1 silt). The top of the HDS is denoted by H.

nearly 40 g/l of suspended sand near the bed, which constituted ;80% of
the near-bed suspended load. Near-bed coarsening occurred for all of the
experiments; however, it was most profound in experiment S13 (Table 1).
The near-bed sand content ranged from 27 to 78% for all the experiments
with HDS, while the depth-averaged grain size inside the HDS remained
silty (21 , D50 , 66). Thicker HDS tended to be less concentrated and
finer-grained, while thinner HDS were more concentrated and coarser-
grained (Fig. 8).

Deposits from High-Density Suspensions.—At the end of each exper-
iment, the waves were stopped and the sediment was allowed to settle for
approximately 24 hours. Every experiment left a thin deposit (,0.5 cm),
which draped the bed uniformly and appeared overall normally graded (Fig.
9). The lowermost part of the deposit was the coarsest and probably re-
sulted from a traction layer. Many of the deposits appeared to consist of
two normally graded beds that were stacked one on top of another, but
deciphering this level of detail was possible only for the thicker deposits.
The origin of these two layers is discussed below.

Wave Ripples.—Coincident with the formation of a high-density sus-
pension was the coarsening of the top ;0.2 cm of the bed. Fine sediment
was suspended in the HDS while the coarsest sediment remained on or
very near the bed. Some of this coarse fraction moved in saltation, resulting
in ripples (Fig. 10). The bed shear stress was high enough in experiment
S11 such that it resulted in plane-bed conditions. After each experiment,
measurements were taken of ripple heights, measured trough to crest, and
wavelengths, which then were averaged to give a mean ripple height and
mean ripple wavelength for each experiment. The ripples had heights rang-
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FIG. 8.—Comparison of the near-bed percent of mud (silt 1 clay), the height of
the lutocline H, and the near-bed sediment concentration Cbed for all the sediment
experiments with definable H. Note that the depth-averaged concentrations and grain
sizes within the HDS were smaller than the near-bed values shown on this figure
(Table 1).

FIG. 9.—Close-up photograph of the deposit from experiment S15. Scale on right
is in mm. Coarse sediment appears darker than fine sediment in the photograph. The
deposit from the suspension overlay a coarse sand lens from a ripple. The very top
of the sand lens was the coarsest region in the photograph. The deposit from the
high-density suspension in this experiment appeared to consist of two stacked nor-
mally graded beds. The lower bed was approximately 2 mm thick and the upper
bed was approximately 1 mm thick. The two beds can be distinguished in the pho-
tograph by the very thin coarse layer that separated them. This coarse layer was
interpreted to be the base of the upper bed. The top of the upper bed was at the
sediment–water interface. The clear water above the upper bed appears dark gray in
the photograph as a result of the lighting.

FIG. 10.—Photograph of ripples from
experiment S15. Coarser sediment appears darker
in the photograph. Note that the ripples were
coarser than the undisturbed sediment near the
bottom of the photograph, and they were coarser
than the deposit from the suspension that draped
the top of the ripples. Most of the deposit from
the previous experiment was reworked during
experiment S15. However, the light bands of
sediment below the ripples were remnants from
this previous deposit. Scale on right is in
centimeters.

ing from 0.2 to 1.3 cm and wavelengths from 6 to 13 cm, with a trend of
increasing ripple height with increasing wavelength (Table 1). At the end
of each experiment, after the suspended sediment settled, the resulting de-
posit overlay coarser sand lenses from the ripples (Fig. 10). Several of
these sand lenses were sampled, and the average grain size for most ripples
was approximately 70 mm (Fig. 2), which was significantly coarser than
the mean grain size of the bulk sediment (;26 mm). The size of the ripples
did not show any correlation with the thickness or the concentration of the
HDS.

Asymmetric Bed Scours.—During experiment S11, which had plane-
bed conditions, the bed developed asymmetric scours (Fig. 11). These
scours often developed when the flow partially eroded through a resistant
cohesive layer in the bed and then undermined the less resistant sediment
below. Scours were short lived and usually filled in within a few minutes.

Saline Experiment

In order to illustrate the importance of particles in HDS, one saline ex-
periment was performed and analyzed qualitatively. This experiment used
dense brine in place of a sediment suspension to identify the interactions
between a near-bottom density interface and oscillatory flow in the absence
of particles. A high-density salt solution (density ;1100 kg/m3, equivalent
to a sediment concentration of ;161 g/l) was dyed and poured into the
empty U-tube until a layer thickness of approximately 15 cm was achieved.
The rest of the U-tube was slowly filled with fresh tap water (density
;1000 kg/m3). A sharp interface (i.e., pycnocline) developed between the
saline layer and the fresh ambient water because of the density stratification

(Fig. 12A). Immediately after modest waves were imposed (Tw 5 5 s, Uorb

5 18 cm/s), the brine began to mix with the ambient fluid. Internal waves
developed on the pycnocline (Fig. 12B), and within approximately 25 min-
utes the salty layer visually ‘‘mixed out’’ (Fig. 12C). That is, the brine that
was originally concentrated at the bottom of the wave tank became dis-
tributed evenly throughout the water column. Apparently, brine is not able
to maintain a quasi-steady state like the suspensions.

DISCUSSION

Bed Liquefaction

Bed liquefaction commonly occurs when loosely packed grains shift into
a more compact structure through vibrations resulting from shaking or other
stresses (Seed 1968). If the bed consolidates faster than the pore fluid can
escape, the pore pressure can exceed the overburden pressure, resulting in
liquefaction. In marine environments, waves can consolidate a bed from
normal stresses compacting the structure and shear stresses causing grains
to shift into more stable positions (Verbeek and Cornelisse 1997).

In our experiments, bed liquefaction only occurred during the runs that
began with a new sediment bed. Because the sediment was added rapidly
to the U-tube, the initial grain structure of the bed was loosely packed. For
these experiments, liquefaction occurred instantaneously with the onset of
wave forcing and lasted for ;10 minutes. Liquefaction is expected to be
short lived, because as the pore fluid escapes the bed, the grains form a
more stable structure (Middleton 1969). Once the bed was liquefied, sub-
sequent experiments did not cause liquefaction because the bed was already
in a stable configuration. As previously stated, the pore pressure was re-
lieved in the liquefied bed through small quasi-periodic conduits that fed
fluidized sediment and pore fluid to the sediment–water interface. Such
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FIG. 11.—Photograph of an asymmetric bed scour from experiment S11. Scale on
right is in centimeters.

FIG. 12.—A) Photograph of the initial conditions in the saline experiment. A dense
brine (r 5 1.1 kg/m3) was dyed and poured into the U-tube. The rest of the U-tube
was filled with fresh tap water. B) Photograph of the saline experiment seconds after
the wave forcing (Tw 5 5 s., Uorb 5 18 cm/s) commenced. Note the internal wave
on the interface between the brine and the fresh water above. C) Photograph of the
saline experiment after approximately 25 minutes. Note that the brine visually mixed
throughout the water column.

conduit-like structures have been documented extensively in the geologic
record (Leeder 1999).

It has been hypothesized that significant sediment transport on continen-
tal shelves is due to wave-loaded liquefied beds that flow down slope under
the influence of gravity (Myrow and Hiscott 1991; Puig et al. 2004; Walker
1984). Our experiments are consistent with the idea that liquefaction can
occur in unconsolidated silt-size sediment when loaded by oscillatory forc-
ing. Such high-porosity beds (60–80%) beds are common in the upper Eel
Canyon (Lomnicky, T.D., Nittrouer, C.A., and Mullenbach, B.L., unpub-
lished work), where gravity-driven benthic suspensions have been observed
(Puig et al. 2004). However, the initial placement of the sediment bed in
our experiments was different than natural deposition and might have made
the bed more prone to liquefaction.

Wave Ripples

It is often assumed that ripples are unlikely to form in exclusively silt-
size sediments (e.g., Wiberg and Harris 1994) because bedload transport is
required to form ripples and the shear stress needed to initially move fine
sediment is also usually sufficient to suspend it. In our experiments, the
segregation of silt and sand in HDS allowed the initially silty bed (D50 5
26 mm) to rapidly coarsen and form ripples. Although the ripples were
coarser than the original bed mixture, they still contained a significant
particle fraction finer than sand (;40%; Fig. 2).

Wave ripples are commonly classified as orbital or anorbital ripples.
Orbital ripples have wavelengths l that are dependent on the orbital di-
ameter (d0 5 2A) and anorbital ripples do not (Clifton 1976). Wiberg and
Harris (1994) defined orbital and anorbital ripples based on the dimension-
less ratios of orbital diameter and ripple height h, such that d0/h . 100
are anorbital ripples and d0/h , 20 are orbital ripples. For 20 , d0/h ,
100, the ripples are classified as suborbital ripples. The ripples in our ex-
periments had an average d0/h value of 103 with a standard deviation of
70, and therefore are classified as anorbital and suborbital ripples. Wiberg
and Harris (1994) then combined data sets on wave ripples from several
field and laboratory studies and found that most of the orbital ripples col-
lapsed onto the line l 5 0.62 d0. In contrast, most of the anorbital ripples
had l /D ø 530, but with significant scatter. l/D for our experiments was
1200 with a standard deviation of 255, where D was taken to be 70 mm
(Fig. 2). The ripples in these experiments did not fall on either line, and
therefore are probably best classified as suborbital ripples (Fig. 13).

Because D and d0 are usually known and l can be calculated from Figure
13, Wiberg and Harris (1994) developed a model based on a curve-fit of
data from previous studies for calculating h:

2h d d0 05 exp 20.095 ln 1 0.442 ln 2 2.28 (1)1 2[ ]l h h
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FIG. 13.—Comparison of nondimensional ripple wavelength l /D and nondimen-
sional orbital diameter d0/D modified from Wiberg and Harris (1994). The orbital,
anorbital, and suborbital ripples, which are data of previous studies compiled and
classified by Wiberg and Harris (1994), are shown along with the ripples from the
present study. For our study D was estimated as 70 mm (Fig. 2). Wiberg and Harris
(1994) found that most of the orbital ripples collapsed on the line l 5 0.62d0

(shown on figure) and most of the orbital ripples collapsed on the line l/D 5 530
(shown on figure). The data from previous studies compiled by Wiberg and Harris
(1994) are from Carstens et al. (1969), Kennedy and Falcón (1965), Mogridge and
Kamphuis (1972), Dingler (1974), and Inman (1957).

FIG. 14.—Comparison of nondimensional ripple steepness h /l and nondimen-
sional orbital diameter d0/h modified from Wiberg and Harris (1994). The orbital,
anorbital, and suborbital data were from previous studies compiled by Wiberg and
Harris (1994) (Fig. 13). The curve is a second-order polynomial fit to the steepness
data from Wiberg and Harris (1994) and is given by Equation 1.

The ripples in our experiments are in agreement with Equation 1 (Fig.
14). Despite the complex interactions between wave boundary layers and
HDS, ripple geometry from our experiments is consistent with previous
studies that did not observe HDS.

Asymmetric Bed Scours

The formation of flute-like scours in experiment S11 has important im-
plications for interpreting the sedimentary record. In marine environments,
flutes are typically associated with strong unidirectional currents (Myrow
and Southard 1996), which is consistent with laboratory experiments (e.g.,
Dzulynski and Sanders 1962). However, the interpretation that flutes result
exclusively from unidirectional currents has been called into question be-
cause flutes are also found on beds interpreted to have been deposited in
wave-dominated shelf environments (Hamblin and Walker 1979). These
experiments provide evidence that asymmetric scours resembling flutes can
form in oscillatory flow without a mean current. The asymmetry of the
scours likely did not result from the slight mean current (,3 cm/s) pro-
duced by overflow in the piston chamber (see Experimental Facility sec-
tion) because the asymmetry of the scours was not preferentially orientated
in either the upstream or downstream directions with respect to this current.
A more thorough study on scours in oscillatory flows is needed before
these observations can be used in analyzing sedimentary deposits because
the asymmetric scours in our study only formed in experiment S11, and
they were few, short lived, and varied in direction and morphology.

Formation of High-Density Suspensions

Before comparing our experiments to currently used models on the for-
mation of HDS, it is useful to summarize the results of Lamb et al. (2004).
Their paper presented high-resolution velocity measurements from these
same experiments, which revealed that the wave boundary layer dbl (mea-
sured as the height above the bed where the fluid velocity begins to de-

crease from the free-stream velocity because of viscous effects imposed by
the bed), while typically greater than 1 cm thick in sediment-free condi-
tions, was reduced substantially in size (often to less than 3 mm) in ex-
periments with HDS (Table 1). This likely resulted from sediment-induced
stratification, which limited vertical mixing of momentum. This hypothesis
was supported by a nearly critical value of a flux Richardson number,
which indicates that stratification was important in limiting momentum ex-
change. However, as shown in our study, the flows were still able to support
suspensions as thick as 8 cm, well outside of the boundary layer. A tur-
bulent kinetic energy budget revealed that energy was transported from this
thin boundary layer region (where it was produced) higher into the water
column where it was able to suspend sediment (Lamb et al. 2004). Thus,
in our experiments it does not appear that HDS were trapped within the
wave boundary layer as other studies have suggested (e.g., Traykovski et
al. 2000; Wright et al. 2001).

Thickness of High-Density Suspensions.—In the literature the lutocline
height is often measured as the elevation where the concentration 5 10 g/
l (H10) (Table 1) (Trowbridge and Kineke 1994; Kineke et al. 1996; Tray-
kovski et al. 2000). However, in our experiments H (elevation where con-
centration 5 0.1Cbed) better served to characterize the lutocline on the
basis of comparison with the concentration profiles (Fig. 4) and visual
observations (e.g., Fig. 3). While H and H10 were in good agreement for
some of the experiments, H10 underestimated the lutocline height for ex-
periments with lower sediment concentrations (Table 1). This resulted be-
cause the low concentration HDS (S4–S8) were thick, but had concentra-
tions of 10 g/l only very near the bed. Assuming H 5 H10 would have
resulted in data trends opposite to those shown in Figure 8. That is, for
HDS with higher sediment concentrations and sand contents, H10 increases
while H decreases (Table 1).

The height of HDS has not been modeled extensively. Traykovski et al.
(2000) observed that H scaled with a modeled sediment-free wave-bound-
ary-layer height dgm 5 A(fw/8)1/2, where the friction factor fw can be cal-
culated from a boundary-layer model (e.g., Grant and Madsen 1979). An-
other model for calculating H was proposed by Vinzon and Mehta (1998),
HVM. Following on the work of Huppert et al. (1995), they estimated HVM

using a turbulent energy balance and several simplifying assumptions as
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FIG. 15.—Comparison between the lutocline height measured in these experiments
H with the linearly interpolated height where the concentration equaled 10 g/l, and
the model heights calculated from Grant and Madsen (1979) dgm and Vinzon and
Mehta (1998) HVM. The line represents a 1:1 correlation.

1/4
3 3/2(A k )sH 5 0.65VM 3[ ]T RgC wave s

where g denotes the acceleration due to gravity, ws denotes the sediment
settling velocity (calculated using Stokes’ Law and D50 for our experi-
ments), and R is the relative excess density of the sediment; R 5 (rs 2
rw)/rw, where rs is the density of sediment and rw is the density of water.
While it is encouraging that these models bound the data (Fig. 15), neither
has shown predictive capability for our experiments. A more appropriate
model might be one that is based on a length scale of transport of turbulent
kinetic energy, because it was this transported energy that supported the
suspension.

Development of Quasi-Steady Suspensions.—Our measurements and
visual observations indicate that the HDS were in a quasi-steady state with
respect to H and sediment concentration after the first few minutes of each
experiment. In order for a suspension to be at steady state, the entrainment
of sediment (E ) must balance the settling of sediment (S). We observed
entrainment occurring through turbulent bursts that transported sediment
from the bed up into the water column when the orbital velocity was great-
est. Settling occurred when the velocity switched directions and the orbital
motions temporarily went to zero. Because the size of the sediment in the
HDS was of silt to sand size, individual particle settling was not negligible.
However, the particles often appeared to settle collectively as concentrated
patches of slurry (e.g., Kuenen 1968; McCool and Parsons 2004), not as
discrete particles (note the patchiness in Fig. 3). The importance of particle
settling in maintaining steady suspensions is further emphasized by the
comparison with the salt experiment, where the brine did not reach a steady
state in thickness or in concentration despite significant stratification.

Together, on the timescale of the wave period, the sediment-rich bursts
during high orbital velocities and the settling of particles as the orbital
velocity approached zero gave the HDS an appearance of breathing. That
is, the lutocline height rose and fell temporally within each wave oscilla-
tion, although asymmetry was common. Because of breathing, the luto-
clines were visually much sharper at any instant in time (e.g., Fig. 3) than
they appear in our temporally averaged concentration profiles (Fig. 4).
Traykovski et al. (2000) also observed a temporally undulating lutocline
on the Eel shelf, but they attributed the phenomenon to internal waves. We

did not observe internal waves in our experiments, though our qualitative
observations are consistent with those made by Traykovski et al. (2000).

Here, we seek a simple relationship to predict suspended sediment load
on the basis of properties of the flow. Stratified flows are often described
using a bulk Richardson number of the form (Turner 1973)

Ri [ g9L/U2 (2)

where U and L are characteristic velocity and length scales of the flow. g9
is the buoyancy term, e.g., g9 5 RCaveg for sediment suspensions.

Wright et al. (2001) postulated that HDS should tend to an equilibrium
capacity of suspended sediment for a given level of turbulence in the flow
because of a dynamic feedback, which can be described using a constant
critical value of the bulk Richardson number (Ric). If the suspension is
perturbed from equilibrium by increasing the level of turbulence, the flow
temporarily becomes undersaturated with sediment. In response, the in-
creased turbulence erodes sediment from the bed, therefore returning the
suspension to its equilibrium capacity. If the suspension is perturbed from
equilibrium by decreasing the level of turbulence, the flow becomes over-
saturated with sediment, causing the sediment to settle, and returning the
suspension to equilibrium. Wright et al. (2001) set L 5 H and U 5 Umax,
on the basis of a comparison with a gradient Richardson number, to arrive
at

Ri 5 Ric 5 RCavegH /U2
max (3)

where Umax is the vector mean of the velocity forced by currents, waves,
and gravity (Umax 5 Uorb for our experiments). Our calculated values of
Ri were nearly constant with a mean value of 3.0 3 1022 and a standard
deviation of 1.2 3 1022 for our experiments with HDS (Table 1).

There are two likely suspension-limiting mechanisms that result in quasi-
steady HDS that maintain a constant bulk Richardson number: (1) sedi-
ment-induced stratification and (2) entrainment of sediment from the bed.
Wright et al. (2001) argued that the sediment concentration inside HDS is
limited by sediment-induced stratification which suppresses turbulence and
therefore the ability of a flow to maintain grains in suspension. Several of
our observations support this hypothesis. First, the lutoclines in our exper-
iments indicate that the water column was stratified. Our observations of
oversaturation and gravitational collapse of the HDS during lulls in the
orbital velocity support a stratification-limited suspension (Winterwerp
2001). In addition, the measurements of Lamb et al. (2004), which revealed
a reduction in wave-boundary-layer thickness with increasing sediment
concentration, and a nearly critical value of a flux Richardson number,
indicate that stratification was significant.

Unfortunately it is difficult to theorize a critical value of a bulk Rich-
ardson number for a stratification-limited suspension (Turner 1973). Wright
et al. (2001) argued that Ric ; 0.25 based on a scaling analysis with a
gradient Richardson number where a critical value of 0.25 is known to
exist (Howard 1961; Miles 1961; Turner 1973). Our calculated critical val-
ue was approximately an order of magnitude less than this theorized value
of 0.25. This could indicate that the HDS in our experiments were not
limited by sediment-induced stratification. Alternatively, it might suggest
that the assumptions made in the scaling analysis of Wright et al. (2001)
did not encompass the appropriate dynamics of the suspensions in our
experiments. For example, the Wright et al. (2001) formulation assumes
that turbulence supporting a suspension is locally produced from shear in
the boundary layer, thus yielding Uorb as the appropriate velocity scale and
a gradient Richardson number as a relevant parameter. This assumption
implies that the top of the suspension is equivalent to the top of the wave
boundary layer and that there is no transported turbulence above the bound-
ary layer. These assumptions are counter to the measurements of Lamb et
al. (2004), who showed that a gradient Richardson number cannot be used
to characterize the HDS in our experiments.

A more appropriate velocity scale in formulating a bulk Richardson num-
ber might be one that describes the transport of turbulence, rather than
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FIG. 16.—Comparison of possible velocity scales for formulating a bulk Richard-
son number compared to the calculated velocity scale that is needed if the critical
value of Ri was 0.25 for our experiments. The assumed velocity scale Uorb, as
formulated in Equation 3, is much larger than the needed velocity scale. Also, a
shear velocity scale u*gm calculated from Grant and Madsen (1979) was too small.
⅓Uorb scales reasonably well with the needed velocity scale with r 2 5 0.67. The
black line in the figure represents a 1:1 correlation with the needed velocity scale.

shear induced by Uorb. Using a turbulent velocity scale like u* in place of
Uorb in Equation 3 would likely yield critical values of Ric closer to 0.25.
Unfortunately, we were unable to measure u* in our sediment experiments
(Lamb et al. 2004). Values of u*gm, calculated from the model of Grant
and Madsen (1979), were better estimates of the velocity scale than Uorb,
but they still differ from the needed velocity scale if Ri 5 Ric 5 0.25
(Fig. 16). This might be because the Grant and Madsen (1979) model does
not include stratification effects in the wave boundary layer. If the bulk
Richardson number given by Equation 3 with a critical value of 0.25 is
going to be used for modeling HDS similar to our experiments, we suggest
a velocity scale of approximately ⅓Uorb (Fig. 16), or equivalently Ric ;
0.03.

We are unable to rule out the possibility that the HDS were limited by
the entrainment of sediment from the bed, rather than stratification. Because
we were unable to directly measure the bed stress or the critical bed stress
necessary for sediment entrainment, it is difficult evaluate this hypothesis
with existing entrainment formulations (e.g., Smith and Mclean 1977; Van
Rijn 1984). Nonetheless, it seems reasonable to expect a constant bulk
Richardson number for equilibrium suspensions where entrainment from
the bed is balanced by near-bed settling because entrainment formulations
typically have a quadratic (or nearly quadratic) relationship between sedi-
ment concentration and velocity (Smith and Mclean 1977), as does Equa-
tion 3.

Winnowing and Armoring.—In our experiments, higher bed shear
stresses resulted in both higher concentrations of suspended sediment and
coarser suspended sediment (Fig. 8). This was partially a result of bed
winnowing. As finer sediment was suspended in the flow, coarser sediment
was left behind, so that eventually resuspension was limited to coarser
material. It is unclear if bed winnowing favors the entrainment-limited hy-
pothesis or the stratification-limited hypothesis. For example, winnowing
might have decreased sediment entrainment from the bed if it was signif-
icant enough to armor the bed from further erosion. However, the flows in
our experiments were still able to suspend large concentrations of sediment
despite winnowing (e.g., Fig. 6).

Alternatively, bed winnowing might have increased sediment-induced

stratification by changing the distribution and grain size of sediment in
suspension. Higher-energy waves can suspend coarser sediment. However,
coarser sediment has a greater settling velocity, so that it cannot be sus-
pended as high in the water column. Therefore, higher-energy conditions
produced thinner HDS that were more concentrated and coarser grained
(Fig. 8). In this way, minor bed winnowing likely increased stratification
effects by allowing increased near-bed concentration gradients, which in
turn might have reduced the stratification-governed capacity of the flow.

Deposits from High-Density Suspensions

An unexpected feature of the deposits that formed at the end of each
experiment was that they often consisted of two normally graded beds
stacked one on top of another (Fig. 9). The mechanism that formed the
two stacked normally graded beds during deposition of a single high-den-
sity suspension remains unclear. Our hypothesis is that the first of these
beds resulted from a gravitational collapse of the material below the luto-
cline, while the second bed resulted from slower individual particle settling
from the upper water column. If the HDS were gravitationally unstable, a
large amount of finer sediment (fine-silt and clay) within the HDS could
have been transported to the bed as a plume faster than coarser sediment
(coarse silt and sand) from the upper water column (Kuenen 1968). In
addition to the two stacked beds, this hypothesis explains our observation
that the top of the lower bed was finer than the bottom of the upper bed.

Comparison to Natural Systems

These experiments were designed to model storm-dominated shelf en-
vironments that have easily suspendable, predominantly silt-size sediment.
However, care should be taken in applying our experiments to the field.
For example, flocculation was not observed because neither salt water nor
clay minerals were used in the sediment experiments. In nature, flocculation
is important in the upper water column (Sternberg et al. 1999), but it might
not be significant in HDS because aggregates break up in the presence of
vigorous turbulent fluctuations (Jackson 1995).

In our experiments, some of the sediment suspended above the lutoclines
resulted from mixing in the end tanks. In an environment with no source
of turbulent energy outside the wave boundary layer, the concentration of
suspended sediment in the upper water column (.20 cmab) might have
been lower than was found in our experiments. In that case, the suspended
silt and clay would be confined closer to the bed, where there was sufficient
turbulent energy to maintain grains in suspension; thus sediment sorting in
the HDS would not be as profound. However, in most natural environ-
ments, tidal currents, storm currents, and internal waves provide sources
for background turbulence (e.g., Carter and Gregg 2002). Only small levels
of background turbulence are needed in the upper water column to transport
clay out of HDS, resulting in coarser HDS. It is important to note that
significant sorting occurred within the HDS in our experiments as a result
of the boundary-layer processes and not the background turbulence and
mixing. For example, the suspension in experiment S4 had a depth-aver-
aged grain size (;21 mm) slightly less than that of the initial bed (;26
mm), but had a near-bed sand fraction (44%) more than double that of the
initial bed (20%).

Field measurements of suspended sediment on continent shelves during
large storms are relatively few. When they have been made, they typically
do not include measurements in the lower 10 cm of the water column,
making it difficult to compare our near-bed HDS to field measurements. A
notable exception is the recent work on the Eel shelf of northern California.
HDS were observed on the Eel mid-shelf during periods of high river
discharge and large waves, with orbital velocities of 30–60 cm/s and pe-
riods of 5–14 s, The wave settings in our experiments were similar to
observations of waves on the Eel shelf during storm events (Ogston et al.
2000; Puig et al. 2004; Puig et al. 2003; Traykovski et al. 2000), although
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our wave periods did not span the upper end of those observed on the Eel
shelf. The sediment size distribution we used is also similar to observations
on the Eel inner to mid shelf (Drake and Cacchione 1985). While the
deposits on the mid-shelf from recent floods of the Eel river typically con-
tain a smaller fraction of sand (,5%) than we used, these deposits appear
to coarsen quickly (presumably from wave reworking) as evidenced by the
higher sand content in the underlying strata (Wheatcroft and Borgeld 2000).

The deposits from HDS in our experiments are consistent with obser-
vations from cores on the Eel shelf of fine-scale laminae (e.g., Mullenbach
and Nittrouer 2000; Wheatcroft and Borgeld 2000) and lenticular bedding
interpreted to be the result of stacked rippled and muddy beds (Borgeld et
al. 1999). The ripples from our experiments are similar to those observed
on the Eel mid-shelf in 50–70 m of water, which typically have wave-
lengths of approximately 9 cm (Borgeld et al. 1999; Nakayama 2003) and
heights of 0.5 to 1 cm (Wright et al. 1999). Alternating beds of sand and
silt are often thought to be the result of a changing sediment supply, or the
advection of sand from a higher-energy environment into the site of interest
(Drake 1999). In our experiments, portions of the deposits from HDS as
well as the ripples on the bed were significantly coarser than their parent
material. Our experiments show that the formation and deposition of HDS
can form alternating layers of silt and sand beds in situ without invoking
changes in sediment supply.

Applying the revised Richardson number model to the limited field data
on HDS on the Eel shelf yields encouraging results. For example, during
storm events on the Eel shelf, measurements of HDS indicated near-bed
(,10 cmab) sediment concentrations in excess of 10 g/l at 60 m water
depth (Traykovski et al. 2000). Unfortunately, measurements less than 10
cmab were obscured by attenuation of the signal from the suspended sed-
iment making it difficult to define the sediment concentration or the luto-
cline on the basis of a break in the concentration gradient. Nonetheless,
using H 5 10 cm and Umax 5 61 cm/s, as was done by Wright et al.
(2001), and Ric 5 0.03 yields a depth-averaged concentration of 18.3 g/l.
This estimate seems consistent with the measurements of Traykovski et al.
(2000) of 10 g/l at ;10 cmab. Our near-bed concentrations were usually
a factor of two or three greater than our depth-averaged measurements, and
thus we suspect that the near-bed sediment concentrations on the Eel shelf
were on the order of 36–54 g/l at the time of the measurements of Tray-
kovski et al. (2000). It is important to note that these estimates depend
linearly on the assumed lutocline height; for example, H 5 5 cm yields
depth-averaged concentrations of 36 g/l, and near-bed concentrations on
the order of 72–108 g/l.

If Ric 5 0.25, as argued by Wright et al. (2001), the calculated depth-
averaged concentration is 152 g/l and 304 g/l for H 5 10 cm and 5 cm,
respectively. Using Ric 5 0.25 seems unreasonable because it predicts
depth-averaged concentrations that are much larger than is often considered
the threshold for viscous-dominated flow (;80 g/l: (Ross and Mehta 1989).
A viscous-dominated flow is inconsistent with the observations of Tray-
kovski et al. (2000) of increased near-bed velocity attributed to gravity-
current behavior. In addition, concentrations of 200–300 g/l are consistent
with measured porosities of the (immobile) Eel shelf seafloor (Wheatcroft
et al. 1996). Moreover, depth-averaged concentrations of 150–300 g/l seem
inconsistent with the measurement of Traykovski et al. (2000) of ;10 g/l
at 10 cmab, unless a very significant (step-like) break in the concentration
profile existed below 10 cmab.

There are several dissimilarities that might have caused the HDS in our
experiments to be different than those observed on the Eel shelf. For ex-
ample, Traykovski et al. (2000) found that HDS did not form when dgm

, 5 cm. This is counter to our observations, and might be the result of
the lower wave periods in our experiments. For a given orbital velocity, a
lower wave period increases the stress on the bed, and therefore makes
suspension more likely. Thus the bed stress is probably a more relevant
parameter in determining HDS formation than dgm. In addition, some of
the measurements of Traykovski et al. (2001) were made when the shelf

was receiving a large load of sediment from the nearby Eel River. Our
experiments were not designed to simulate a bottom boundary layer over-
loaded with sediment from a flooding river. The sediment from the river
was almost exclusively mud (Wheatcroft and Borgeld 2000), which might
have caused the HDS on the Eel shelf to behave differently than our sandy-
silt suspensions. For example, Traykovski et al. (2000) observed a lutocline
height that scaled with the orbital velocity, where as the lutocline heights
in our experiments decreased with orbital velocity because of winnowing.
Such winnowing was probably unlikely on the Eel shelf if the bottom
boundary layer was being overloaded with fine silt and clay from the Eel
River.

Our experiments suggest that HDS might exist on continental shelves in
the absence of a flooding river. This is consistent with recent observations
of Puig et al. (2003) of HDS on the Eel shelf in 60 m of water in the
absence of direct sediment delivery from the Eel River. After a river flood-
ing event on the Eel shelf, the flood deposits coarsen (presumably due to
storm resuspension) and are more similar to the bed composition in our
experiments (Wheatcroft and Borgeld 2000). This coarsening is consistent
with the observations of ripples at 50–70 m water depths on the Eel mid-
shelf which likely contain large fractions of sand (Borgeld et al. 1999;
Nakayama 2003; Wright et al. 1999). Recent work has shown that only
40–50% of the sand budget can be accounted for on the inner Eel shelf
(Crockett and Nittrouer 2004). A significant amount of this sand is likely
transported across-shelf, on the basis of observations of significant per-
centages of sand (20–60%) in recently deposited strata (,100 yrs) in the
head of Eel canyon (water depth . 100 m) (Lomnicky, T.D., Nittrouer,
C.A., and Mullenbach, B.L., unpublished work). We hypothesize that HDS
formed by wave resuspension in the absence of river flooding might con-
stitute a significant offshore flux of sediment, including sand, if they are
advected by an offshore current or flow under the influence of gravity.
Further, such HDS might ignite to form turbidity currents (Parker 1982) if
they reach sufficient slopes (e.g., Eel submarine canyon) and therefore con-
tribute to offshore sediment transport below wave base.

If measurements in our experiments were limited to concentration and
grain size at 10 or 30 cmab, as they often are in the field, we might have
concluded that the HDS were relatively dilute and composed primarily of
mud (Table 1). This suggests the need for future field studies to deploy
instrumentation that can measure sediment grain size and concentrations in
excess of 10 g/l in close proximity to the bed (,10 cmab).

CONCLUSIONS

We have produced high-density suspensions (HDS) with well-developed
lutoclines in an experimental wave facility. These suspensions were tur-
bulent while containing near-bed sediment concentrations ranging from 17
to 80 g/l and depth-averaged concentrations of 6–25 g/l, scaling roughly
with the orbital velocity. All of the HDS had higher near-bed sand contents
(27–78%) than the initial bed (;20%) due to vertical sorting within the
HDS and loss of fine sediment to the upper water column. Winnowing of
the bed caused more concentrated HDS to be coarser grained, which in
turn caused the suspensions to be thinner because of the greater settling
velocity of the sediment. Sediment entrainment from the bed into the sus-
pensions was rapid at the beginning of an experiment. Within minutes the
HDS reached a quasi-steady state in terms of sediment concentration and
lutocline height. Experiments that did not produce definable HDS had lower
values of R (,7.5 3 104), Uorb (,29 cm/s), and Cbed (,11 g/l).

Our experiments are consistent with the dynamic feedback model of
Wright et al. (2001) for quasi-steady suspensions where a bulk Richardson
number tends towards a constant value, although it is unclear if the sus-
pensions were limited by sediment-induced stratification or entrainment
from the bed. Our computed values of the bulk Richardson number con-
verge to a constant value that is an order of magnitude less than the the-
orized critical value of Wright et al. (2001); thus their model overpredicts
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the sediment concentration in our experiments by an order of magnitude.
Many aspects of our experiments are comparable to observations of fluid
mud made on the Eel shelf, California, although more detailed field studies
are needed to access whether wave-supported gravity-driven HDS are im-
portant in cross-shelf silt and sand transport, in the absence of a flooding
river.
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SELECTED NOTATION

A Wave excursion amplitude
C Local volumetric concentration
Cave Depth-averaged concentration within a high-density suspen-

sion
Cbed Concentration from sample taken nearest the bed
C10cmab Interpolated concentration at 10 cm above the bed
C30cmab Interpolated concentration at 30 cm above the bed
D50 Grain diameter than which 50% of the mass distribution is

finer
D50 Depth-averaged D50 inside a high-density suspension
d0 Orbital diameter
dbl Measured boundary layer thickness from Lamb et al. (2004)
dgm Calculated boundary-layer thickness from Grant and Mad-

sen (1979)
fw Wave friction factor
H Measured height of HDS
HVM Height of HDS calculated from Vinzon and Mehta (1998)
H10 Interpolated elevation where concentration 5 10 g/l
h Ripple height
ks Bed roughness length scale
l Ripple wavelength
R Submerged specific density of sediment (;1.65)
R Reynolds number
Ri Bulk Richardson number
Tw Wave period
u*gm Bed shear velocity calculated from Grant and Madsen

(1979)
Uorb Orbital velocity
ws Setting velocity of sediment using Stokes’ Law and D50

%sandbed Percentage of sand from sample taken nearest the bed
%siltbed Percentage of silt from sample taken nearest the bed
%claybed Percentage of clay from sample taken nearest the bed
%sand10cmab Interpolated percentage of sand at 10 cm above the bed
%sand30cmab Interpolated percentage of sand at 30 cm above the bed
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