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The interplay between cohesive sediment flocculation, turbulence, and sediment availability is studied

using field observations collected on the muddy Atchafalaya inner shelf, Louisiana, USA. Observations

were made at two sites, characterized by surficial sediments of different grain size. At the coarse-

sediment site, a negative correlation between floc size and suspended sediment concentration was

observed for the first time in a field experiment under energetic wave conditions. This agrees with

previous laboratory studies and field observations, and suggests that strong near-bed turbulence

associated with significant sediment resuspension also results in the breaking of macro-flocs (230-mm

mode). At the fine-sediment site, the relative abundance of clay and fine silt available for floccula-

tion appears to promote persistent macro-flocs of approximately 300-mm. The observations support the

assumption that sediment supply and surficial sediment properties, in addition to turbulence and

suspended sediment concentration, play an important role in flocculation.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Flocs are irregular aggregates containing clay, silt, organic
material, water, and fine sand, formed by fine cohesive sediments
(discrete particle diameter o64 mm) in suspension subject to
cohesive van der Waals electrostatic forces. The shape of these
aggregates has been described as self-similar (Partheniades, 1965)
with an average fractal dimension of 2 (Kranenburg, 1994). Floc
structure can vary rapidly with physical, chemical and biological
factors. Due to the strong relationship between floc size and
settling velocity, the flocculation process has a significant effect
on large-scale sediment transport, turbidity, and optical measure-
ments in muddy environments (e.g., Hill, 1998; Mikkelsen and
Pejrup, 2000; Bowers et al., 2009; Hodder, 2009; van der Lee et al.,
2009; Manning et al., 2010; Law et al., in press). The complicated
physics, chemistry and biology of flocculation represent a major
challenge for modeling cohesive sediment processes in muddy
environments (van Leussen, 1999).

The physics of flocculation may be represented as a balance
between aggregation due to collision of primary particles mediated
by flow turbulence, and floc breakage caused by turbulent shear.
Both processes are governed by turbulent eddies at the Kolmogorov
ll rights reserved.
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micro-scale (Berhane et al., 1997). Dyer (1989) hypothesized that
flocs grow during periods of high concentration of cohesive sedi-
ments, promoted by moderate levels of turbulence through
increased probability of particle collision. High turbulence levels,
however, are expected to limit the floc size (e.g., Hill et al., 2001;
Fugate and Friedrichs, 2003; Milligan et al., 2007). Even in low
turbulence, observations suggest that stresses induced by flocs
sinking through the fluid may limit floc size (Hill, 1998). Simplified
analytic expressions for equilibrium values of floc size (and settling
velocity) have been derived as a function of turbulent shear,
availability of sediment, and fractal dimension (Winterwerp, 1998;
Maggi et al., 2007; Son and Hsu, 2009). The equilibrium floc size,
however, might never be realized in field conditions, due to the long
(unrealistic) floc residence time required for the equilibrium to be
achieved (Winterwerp et al., 2006). Winterwerp (1998) suggested
that non-equilibrium states could explain the observed increase in
floc size with shear rate at low shear conditions.

Floc structure affects the hydrodynamic properties of flocs. As
flocs grow in size, their effective density (i.e., bulk density less the
density of water) decreases due to increasing water content (Tambo
and Watanabe, 1979). The increase of particle size (aggregation) and
decrease of mean density (increased water content) can result in
a variation by a factor of approximately 1.7 in settling velocity
between unflocculated and flocculated particles (Mikkelsen and
Pejrup, 2000). The transition between rapid settling in aggregation
conditions (low turbulence) and slow settling (long residence time)
for small flocs (high turbulence, Cuthbertson et al., 2010) directly
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affects vertical structure of suspended sediment concentration in
natural settings (Dyer and Manning, 1999; Winterwerp, 2001, 2002;
Baugh and Manning, 2007; Safak et al., 2010a; Sahin et al., in press).

The variation of floc size under varying flow conditions and
sediment availability is not well understood. Most of the observa-
tional findings on flocculation are based on controlled settling-
column experiments in laboratory (e.g., Kumar et al., 2010),
where different intensities of turbulence are usually controlled
by an oscillating grid (e.g., Mietta et al., 2009). In field studies,
the role of flocculation in sedimentation has been investigated
in tidally dominated estuaries, channels, and intertidal flats (e.g.,
Jago et al., 2006; Hill et al., in press; Braithwaite et al., 2012).
Observations under varying turbulence intensity and suspended
sediment availability in high-turbidity, wave-energetic cohesive
(mud) sedimentary environments are rare (Lee et al., 2012).

The objective of this study is to investigate the coupled effect
of turbulent flow and sediment availability on flocculation in
wave-energetic coastal waters that can have near-bed sediment
concentrations of tens of grams per liter. Here, we study the
flocculation process and size-spectrum variability under changing
turbulent shear and sediment resuspension conditions. The
investigation is based on field observations covering a wide range
of wave conditions and sediment concentrations collected at two
locations on the Atchafalaya Shelf of Louisiana that have different
surficial sediment properties.
Fig. 2. Time evolution of (a) discharges of suspended sediment (blue) and water

(green) at Simmesport, Louisiana (30.981 latitude north, 91.801 longitude west,

about 130-km inland) and (b) suspended sediment discharge (blue) and concen-

tration (green) at Morgan City, Louisiana (29.681 latitude north, 91.201 longitude

west, about 25-km inland). Arrows in (a) indicate the experiment periods in 2006

and 2008, discussed herein. The one-year gap in data collected at Morgan City

(b) is due to Hurricane Katrina. Suspended sediment and water discharge data

were obtained from the US Geological Survey, stations 07381490 and 07381600,

and from the US Army Corps of Engineers gauge 03045. (For interpretation of the

references to color in this figure caption, the reader is referred to the web version

of this article.)
2. Field experiment

2.1. Study site

The experiments were conducted on the low-slope Atchafalaya
Shelf in the northern Gulf of Mexico, a muddy subaqueous deltaic
clinoform of up to 3-m thick mud, that receives about 30% of the
Mississippi River discharge to the ocean (Fig. 1a). In contrast
with most of the Louisiana coastline and Mississippi Delta, which
experience significant erosion, the high sediment discharge of the
Atchafalaya River (Fig. 1b, e.g., Neill and Allison, 2005) drives
accretion of the Atchafalaya Shelf at vertical rates reaching O
(1 cm/year). In early spring (January–May), during the rising
phase of the Atchafalaya water and sediment discharge (Fig. 2a),
suspended sediment concentration in the Atchafalaya plume can
be O (100 mg/L) (Fig. 2b).

The experiments discussed here were conducted during early
spring in 2006 and in 2008 (arrows in Fig. 2a), and produced two
data sets covering 10 and 2 days, respectively (Allison et al.,
2010). The two deployment sites (‘‘x’’ and ‘‘o’’ in Fig. 1) are
Fig. 1. Maps of (a) surficial sediments and (b) rate of accretion on the Atchafalaya S

experiment sites in 2006 (site A, 29.261 latitude north, 91.571 longitude west) and in 200

(For interpretation of the references to color in this figure caption, the reader is referr
separated by about 24 km and both have an average depth of 4 m,
but differ in surficial sediment properties. Sediment at the eastern
site (‘‘A’’ hereinafter) is ‘‘coarser’’. The site is closer to the
Atchafalaya riverine source, and averages 5–10% sand content,
silt content is 1–3 times the clay content. In contrast, the western
site (‘‘B’’ hereinafter) is generally ‘‘finer’’-grained, with smaller
particles available to flocculate and little sand-sized material
except shell fragments. B has only 2–3% sand, and clay content
is 2–5 times the silt content. Total organic matter content in the
surficial sediments is about 1% at both sites (Gordon et al., 2001).

Outside the hurricane season, early spring is the most active
wind period of the year, with cold fronts passing over the
Atchafalaya coast about once every two weeks. Pre-frontal con-
ditions are characterized by onshore winds and coastal setup, and
energetic swells (8-s characteristic period). Within a few hours
after the passage of the front, winds reverse direction to seaward,
generating seaward-propagating short waves (periods less than
5-s) and coastal set-down. The period between two fronts is
relatively calm, with coastal sediment transport driven by diurnal
tidal currents (order of 10 cm/s near bed). An essential factor in
helf, based on Neill and Allison (2005). Magenta ‘‘x’’ and ‘‘o’’ correspond to the

8 (site B, 29.371 latitude north, 91.781 longitude west), that are about 24-km apart.

ed to the web version of this article.)
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sediment transport in the area, the Atchafalaya River plume is
bottom-attached (friction-dominated) on the topset area of the
clinoform, and lifts off at or near depths of 5–10 m (within the
deployment range in this experiment; Allison et al., 2000; Kineke
et al., 2006). The plume stratification breaks down during frontal
events when the water column can become relatively well mixed.
During energetic events, however, bed reworking and post-frontal
settling can lead to fluid mud formation (sediment concentration4
10 g=L). For a more detailed description of the inner shelf site, typical
atmospheric conditions, sediment transport patterns, surface wave
processes and bed reworking by waves, see Neill and Allison (2005),
Safak et al. (2010a, in press), Sheremet et al. (2011), and Sahin et al.
(2012).

2.2. Instrumentation and data

Measurements were collected for 10 days (1–10 March 2006)
at A (eastern site, coarser-sediment, ‘‘x’’ in Fig. 1), and for
two days (11–12 March 2008) at B (western site, finer-sediment,
‘‘o’’ in Fig. 1). The size distribution of suspended sediment was
observed using a LISST-100X Type-C (Laser In Situ Scattering
Transmissometer, Sequoia Scientific). The instrument records the
small-angle scattering distribution of particles in water by detect-
ing the energy of scattered laser light with wavelength of 670 nm.
This is inverted into particle size spectra in terms of volume
concentration at 32 logarithmically spaced (between 2.5 and
500 mm) ring detectors, using patterns of particles of known size
and volume concentration for calibration (Agrawal and Pottsmith,
1994). Although particles outside these inversion limits introduce
uncertainty in the particle size distributions derived from laser
diffraction, LISST was shown to produce reliable measurements
of particle size distribution over a range of environments and
conditions (Andrews et al., 2010, 2011). Herein, the background
scattering was obtained using surface water collected at the
deployment site and filtered with 0:4 mm filters prior to use.
The path of the LISST measurements was reduced with an 80%
path reduction module to increase its sensitivity in low transmis-
sion, turbid waters. The spherical inversion method and version
4.65 of the LISST software were used in the data processing. In
the 2006 experiment proximal to the river mouth, the LISST data
was unreliable for a short period at the peak of the storm (e.g.,
below 15% optical transmission which is the recommended limit
for valid measurement as specified by the manufacturer) above
359 mm, due to an artifact of the calibration caused by the large
chromophoric dissolved organic matter component of the plume;
these LISST data from the storm peak are not reproduced here.
The grain-size volume distribution was recorded every minute in
30-min bursts each hour. Each individual minute measurement,
reported by the LISST, was an average of 100 samples collected at
2 Hz. The LISST was deployed on bottom tripods at 125 and 60
centimeters above bed (cmab) in 2006 and in 2008, well above
possible fluid mud suspensions with concentrations exceeding
10 g/L (e.g., Safak et al., in press).

Sediment box cores were collected during the bottom tripod
deployment and recovery at the experiment sites, and utilized for
grain size measurements of surficial sediments. These sediment
samples were first wet-sieved through a 63 mm sieve in order to
separate sand and mud fractions. Sand fractions were oven dried
at 60 1C and weighed prior to analysis in a 180-cm long Femto
automated settling column to get the total sand content of the
samples. The mud fraction that passed through the 63 mm sieve
was filtered through pre-weighed, 0:4 mm filters to capture mud,
then frozen and weighed to get the total mud content of the
samples. Organic matter was removed with an H2O2 pre-
treatment and, then, air-dried. Both samples were, then, rehy-
drated in deionized water with a 0.1% sodium meta-phosphate
sediment deflocculant solution, and placed overnight in an ultra-
sonic bath to fully rehydrate and break the discrete particles
apart. Finally, the rehydrated mud samples were analyzed with a
SediGraph 5100 Particle Size analyzer to determine detailed
granulometry.

Vertical structures of three-dimensional velocity and acoustic
backscatter within about 1 m of the seafloor were measured
using a down-pointing, pulse-coherent acoustic Doppler profiler
(PC-ADP, Sontek/YSI) mounted on the tripod with the LISST. Two
optical backscatter sensors (OBS-3, D&A Instruments) were
mounted at 50 and 75 cmab on the tripod and operated through
a Seabird Microcat CTD. The CTD unit had a built-in pressure
sensor, which was synchronized to sample with the PC-ADP
measurements. OBS-3 turbidity measurements were calibrated
in the laboratory using sediment samples collected at the site and
mixed to known suspended sediment concentrations up to
several g/L. During 10-min bursts that were repeated every
30-min, the PC-ADP sampled at 2-Hz in 60 measurement bins of
1.6-cm each, beginning 10 cm below the sensor (e.g., blanking
distance). For each 10-min burst, current profiles, acoustic back-
scatter profiles, OBS-3 estimates of suspended sediment concen-
tration, spectral densities of sea surface elevation (obtained from
the pressure records), and significant wave heights at the surface,
were obtained. The acoustic current profiles were analyzed to
estimate bottom shear stress, as detailed in the next section.

The 2008 experiment provided valid data on sediment size
distribution and pressure (LISST) during a relatively short period
with low wave-energy. Therefore, this data set is chiefly used to
provide a qualitative comparison with the findings obtained with
the sediment size distribution data collected during the 2006
experiment.

2.3. Shear stress estimation

Floc formation is known to be affected by turbulent eddies of
the size of the Kolmogorov micro-scale, l¼

ffiffiffiffiffiffiffiffiffiffi
n3=E4

p
(e.g., Berhane

et al., 1997, see also Section 1) where n is the kinematic viscosity
of the fluid and E is the energy dissipation rate of turbulent kinetic
energy. The dissipation rate

E¼ u3
n

kz
, ð1Þ

is related to the bottom friction velocity un, and therefore the bottom
shear stress tb ¼ ru2

n
, where r is the fluid density, k¼ 0:41 is von

Karman’s constant, and z is the distance above bed. The logarithmic
law of the wall in a turbulent boundary layer yields the vertical
structure of horizontal velocity

uðzÞ

un

¼
1

k
ln

z

zo

� �
, ð2Þ

where u is the horizontal velocity, the overbar denotes averaging over
time, and zo is a function of bottom roughness and describes a finite
elevation above the bed. The velocity at the elevation zo is assumed to
be zero. Boundary layer turbulence under energetic surface waves
(e.g., exceeding 1 m during the 2006 experiment, Section 3) enhances
the bottom roughness experienced by currents (e.g., Styles and Glenn,
2000; Safak et al., 2010b).

Following Lacy et al. (2005), un is estimated by fitting loga-
rithmic profiles (Eq. (2)) in a least-squares sense to the current
velocity profiles (uðzÞ) outside the wave boundary layer. Because
the wave boundary layer thickness estimated based on the data
herein is few centimeters at most (Sleath, 1987), the first three
bins above the bottom are not included in the analysis. The least
squares algorithm to construct the logarithmic profile is iterative.
It starts by fitting the velocity measurements at the first three
bins just above this layer. The initial profile is accepted if r240:8,
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with r the correlation coefficient. The bins above the first three
bins are added into the logarithmic fit, within three bin groups, as
long as the resulting r2 remained greater than 0.8. Further details
on this procedure can be found in Safak (2010).

This procedure produced valid logarithmic layers for 82% of
the measurement bursts. Valid estimates had on average r2

¼0.97,
with r240:9 for more than 90% of the estimates. In Fig. 3,
examples of logarithmic fit to the current profiles are shown
together with the corresponding particle size distribution data
obtained from the LISST. Although the vertical range of the
estimated logarithmic layers vary (black ‘‘x’’s in Fig. 6a), a
logarithmic layer can be fit to almost the entire profiling range
of the PC-ADP for majority of the cases.

Eq. (2) only applies for unstratified boundary layers. In a
stratified boundary layer, Eq. (2) is likely to overestimate un

(e.g., Friedrichs et al., 2000). For high suspended sediment con-
centration conditions studied herein (Section 3.1), the effect of
stratification is evaluated by calculating the suspended sediment
induced gradient Richardson number

Ri¼
�gðs�1Þð@f=@zÞ

ð@u=@zÞ2
, ð3Þ

where g is the gravitational acceleration, s is the specific gravity of
floc, and f is the volume concentration of floc, the last two of
which are calculated following Kranenburg (1994). Significant
suppression of turbulence due to sediment-induced stratification
occurs when Ri is above the critical value of 1/4 (e.g., Wright et al.,
1999; Ma et al., 2008). Using the mean current velocity and
sediment concentration measurements at the two OBS levels
(Section 2.2), Ri is found to be above this critical value during
almost the entire duration of experiment (Section 3.1, Fig. 6e).

The along-shelf momentum balance on the inner-shelf outside
the surf zone is expected to be between the along-shelf component
of wind stress and the along-shelf component of bottom stress
(Lentz et al., 1999). Fig. 4 shows the relation between the along-shelf
component of wind stress (Section 3.1) and the along-shelf
component of log-law estimates of bottom stress. The linear
regression gives r2

¼0.3, and indicates that the estimated bottom
stresses need to be scaled down in order to be consistent with the
magnitude of the wind stress. Therefore, hereinafter, bottom
stresses that are scaled down to about one-fourth (based on the
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slope of the regression line in Fig. 4) of the log-law estimates are
used and presented.
3. Observations

3.1. Hydrodynamics

Observations of tides, winds, waves, and near-bed dynamics
at A (‘‘x’’ in Fig. 1) over a 10-day period are summarized in
Figs. 5 and 6. Water depth during this interval was mainly
controlled by the dominant diurnal tidal component, but displayed
a maximum range of about 0.9 m during the peak of the frontal
storm on March 9th (Fig. 5a). During the first half of the experi-
ment, with wind speed less than 5 m/s (Fig. 5b), the peak wave
frequency was between 0.15 and 0.3 Hz (Fig. 5c). Swell (long-
wave) heights never exceeded 0.2 m (red curve in Fig. 5d), and the
seafloor (e.g., maximum backscatter location, Fig. 6a and c) did not
change its position.

The strongest wind was recorded on March 9th, with mean
speed over 10 m/s for an entire day (maximum of 14.3 m/s at
09:00 h on March 9th, Fig. 5b) generating relatively strong swell
(8-s peak period, over 1-m height, Fig. 5c and d). This event was
also accompanied by the strongest near-bed currents observed at
the site, with velocities reaching 50 cm/s at 09:00 on March 9th
(Fig. 6a), and bottom shear stresses exceeding 0.4 Pa (Fig. 6b). The
suspended sediment concentration followed this overall increase
in forcing with values consistently staying above 1 g/L (Fig. 6d);
near-bed backscatter increased and location of the maximum
backscatter slightly changed during this period (Fig. 6a and c),
suggesting bed reworking.

3.2. Particle size distribution

The size distribution of suspended sediments is given as
fractional volume of particles in mL=L in Fig. 7a. The 12-h gap in
the record from 06:00 h to 18:00 h on March 9th is the period
when high water column turbidity caused LISST beam transmis-
sion to fall below 15%. A primary mode is present at 1502300 mm
with a secondary mode centered around 50 mm (see also Fig. 3b
and d). The bimodal distribution of suspended sediment size is
similar to previous observations (Lee et al., 2012). Although the
distribution itself is remarkably stable under varying turbulence
levels and suspended sediment concentrations, the mean floc size
(obtained as a weighted average based on volume concentration
within each particle size interval) does vary between 70 and
200 mm (Fig. 7b). The Kolmogorov micro-scale (l, Section 2.3) is
calculated using the bottom stress estimates (Eqs. (1) and (2),
Fig. 6b). Mean floc size (which is very similar to median floc size
in the data herein) is one order of magnitude smaller than l
(Fig. 7b). This contrasts with the previously observed median size
of estuarine flocs of approximately l=2 (Fugate and Friedrichs,
2003). In addition to different geologic properties and hydrody-
namic conditions, this difference could be attributed to the range
of sizes averaged: the range of reliable particle detection spans
2:52359 mm (Section 2.2) which excludes larger particles.

Linear least-squares regressions (Fig. 8) between bottom fric-
tion velocity, suspended sediment concentration, and mean floc
size reveal that increasing turbulence intensity caused an increase
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in the suspended sediment concentration and a decrease in the
mean floc size. The direct correlation between the bottom friction
velocity and suspended sediment concentration (r2

¼0.58; Fig. 8a)
is higher than the inverse relationship between the suspended
sediment concentration and mean floc size (r2

¼0.21; Fig. 8b), and
the inverse relationship between the bottom friction velocity and
mean floc size (r2

¼0.06; Fig. 8c).
The bimodal character of the grain-size distribution (Fig. 7a)

suggests defining three size classes of fractional volume concen-
trations: 2269 mm, 692185 mm, and 1852359 mm. Most of the
temporal variation on particle size took place in the largest
ð1852359 mmÞ and smallest ð2269 mmÞ size classes; the inter-
mediate class ð692185 mmÞ had relatively small volume concen-
trations and varied less (Fig. 7c). Relative frequencies of these
three classes are calculated by dividing the fractional volume of
each class by the cumulative fractional volume at all three classes.
Under changing flow conditions and the amount of suspended
sediment available in the water column, the evolution trends
of the frequencies of the largest and smallest size classes are
opposite (Fig. 7d).

The coupled effect of turbulence and suspended sediment
concentration on flocculation during the major frontal storm (7–
10 March, Figs. 5 and 6, gray rectangle in Fig. 7) is shown in Fig. 9.
The correlation between the bottom shear stress (Fig. 9a) and
suspended sediment concentration (Fig. 9b) is evident from the
common peaks at 08:00 h on March 8th and 12:00 h on March 9th
(low LISST beam transmission during the latter), and common
minima at 16:00 h on March 8th (weak mean currents, Fig. 6a). The
fractional volume of all three size classes (Fig. 9c) follows the same
trend as the bottom shear stress (Fig. 9a) and the suspended
sediment concentration (Fig. 9b). This variation of fractional
volume is likely to be a function of mass exchange between the
water column and underlying bed, i.e., resuspension (supply from
bed) and deposition (loss to bed). The changes in relative frequency
of the size classes, on the other hand, could be interpreted as floc
breakage and formation. The frequency of the smallest size class
(black curve in Fig. 9d) follows the exact same trend as the bottom
shear stress and the suspended sediment concentration (Fig. 9a
and b). The largest size class frequency (red curve in Fig. 9d),
however, decreases as a response to increasing shear stress and
sediment concentration. Mean floc size also decreased during this
interval under conditions of increasing turbulence and suspended
sediment concentration (Fig. 7b). The negative correlation between
floc size and turbulence intensity during relatively high shear
(largest bottom shear stresses throughout the experiment were
obtained during this interval) supports previous laboratory and
field studies of flocculation (Krank and Milligan, 1992; Spicer and
Pratsinis, 1996; Milligan and Hill, 1998; Cartwright et al., 2011).
This result also agrees with the findings of Burban et al. (1989),
Manning and Dyer (1999), and Dyer and Manning (1999), that
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increasing turbulent shear and the resulting high concentration
through resuspension caused floc breakage.

Fig. 10 shows the sediment size distributions (in f-units) at low
shear and low suspended sediment concentration (blue and green
curves), and under high shear and high suspended sediment con-
centration conditions (red and magenta curves, see the times
indicated by the gray dashed lines in Fig. 9a). In terms of both
fractional volume concentration (Fig. 10a) and relative frequency
(Fig. 10b), all four conditions show similar primary and secondary
particle size modes at 2:1-fð � 230 mmÞ and at 4:7-fð � 40 mmÞ. The
relative frequency of the primary mode decreases with increasing
shear. In contrast, the frequency of the secondary mode increases
with increasing shear (Fig. 10b). The increase in relative frequency is
occurring between 3-fð � 125 mmÞ and 6-fð � 16 mmÞ, larger than
the discrete particle size in the study site. This suggests that the result
of floc breakage is mostly smaller micro-flocs, rather than a disin-
tegration into the smallest discrete particles.

Cylindrical core samples of the topmost seafloor sediment (1-cm
thick layer) were also collected during instrument deployment and
recovery. Disaggregated size distributions of the core samples were
analyzed in the laboratory in two stages. The first analysis used only
deflocculant (sodium meta-phosphate) to disaggregate flocs (filled



Fig. 9. Coupled effect of turbulence and suspended sediment concentration on

flocculation, during the 2006 storm (indicated by the gray rectangle in Fig. 7).

Time evolution of (a) bottom shear stress; (b) suspended sediment concentration

at 50 cmab; (c) integrated volume concentration; and (d) frequency of the particle

size classes of 2269 mm (black), 692185 mm (blue), and 1852359 mm (red). Gray

dashed lines in (a) indicate the intervals of sediment size distribution, shown in

detail in Fig. 10. (For interpretation of the references to color in this figure caption,

the reader is referred to the web version of this article.)

Fig. 10. Particle size distributions under varying forcing and sediment availability

conditions during the 2006 storm. (a) Fractional volume concentration and

(b) relative frequency as a function of particle size. Blue and green curves

correspond to low shear and suspended sediment concentration conditions, red

and magenta curves correspond to high shear and suspended sediment concen-

tration conditions; see the times indicated by the gray dashed lines in Fig. 9a.

White and black bars in (b) correspond to samples collected during deployment

and during recovery. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this article.)
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bars, Fig. 10b). A second test was conducted after H2O2 pre-
treatment (and deflocculant) to remove particulate organic matter
that might contribute to organic-mineral aggregation processes
(non-filled bars, Fig. 10b, see Section 2.2). The H2O2 treatment
yielded no particles smaller than 10-fð � 1 mmÞ, suggesting smaller
particles available in surficial sediments are mainly colloidal organic
matter. The bed was coarser in the wake of the frontal passage than
it was during deployment. The absence of discrete particles coarser
than 3-fð125 mmÞ in the samples, both at deployment and recovery,
indicates that the primary mode at 2:1-fð � 230 mmÞ is macro-flocs.

3.3. Flocculation observations from the finer-sediment site

The 2008 data set from B (the relatively fine surficial sediment
setting, ‘‘o’’ in Fig. 1) provides a useful comparison with the
observations from A (the coarser-sediment setting). Mean water
level, which is used to determine peak ebb/flood and slack phases
of tide, and particle size data (divided in three classes of 2269 mm,
692185 mm, and 1852500 mm for relative frequency) are pre-
sented in Fig. 11. Compared to the results from A, the ‘‘macro-floc’’
mode corresponds to a larger particle size (� 300 mm, Fig. 11b).
Similar to A, the intermediate combined size class ð692185 mmÞ
varies less than the largest and smallest size classes (Fig. 11c).

Particle size distributions during the peak flood tide and slack high
tide (Fig. 11a) are shown in details in Fig. 12. Wave energy was
almost constant throughout this three-day period with a significant
height of about 40-cm and swell was negligible (not shown). Because
of the low energy conditions, the volume concentrations (Fig. 12a)



Fig. 12. Particle size distributions under varying forcing and sediment availability

conditions during the 2008 experiment. (a) Fractional volume concentration and

(b) relative frequency as a function of particle size. See the times indicated by the

gray dashed lines in Fig. 11a. White and black bars in (b) correspond to samples

collected during deployment and during recovery. (For interpretation of the

references to color in this figure caption, the reader is referred to the web version

of this article.)
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were significantly lower than those observed during the frontal
conditions in A (Fig. 10a, Section 3.2). Relative to slack high tide
(low energy), at peak flood (high energy), the sediment size distribu-
tion shows a decrease of relative frequency in sizes coarser than
5-fð31 mmÞ and an increase in those finer than 5-f (Fig. 12b). Since
little or no sediment resuspension is expected at low energy condi-
tions, this suggests that this behaviour is due to floc breakage.
Samples collected at the start of the deployment (white bars in
Fig. 12b) are coarser than the recovery (black bars), indicating
deposition of a fine surface layer coincident with rising Atchafalaya
water and sediment discharge. Samples treated with H2O2 also show
mineral particles finer ð11-f, � 0:5 mmÞ than at A.
4. Summary

The coupled effect of turbulent flow and suspended sediment
concentration on flocculation on the muddy Atchafalaya Shelf was
investigated under varying conditions of turbulence and sediment
availability. A LISST and a current profiler were used to observe
sediment size distribution and near-bed wave-current flows in
conditions of high-turbidity, energetic waves, and diurnally variable
currents. The analysis of the observations shows evidence of episodic
variations in size of suspended sediment, that may be attributed to:
(i) supply from (erosion) and loss to (deposition) bed and (ii) breakage
and reformation of flocs due to variable shear stress in the bottom
boundary layer.

At the coarser-sediment site, a persistent well-developed
macro-floc mode ð � 230 mmÞ was observed, under varying tur-
bulence and suspended sediment concentration. Observed mean
floc size was found to be one order of magnitude smaller than the
Kolmogorov micro-scale estimated based on bottom stresses.
During the major frontal storm event, volume concentrations of
all size classes increased with increasing turbulence intensity and
suspended sediment concentration, suggesting increased supply
from the seafloor. With increasing turbulence and suspended
sediment, the relative frequency of the large size class decreased,
and the frequency of particles finer than the primary macro-floc
mode increased, indicating floc breakage. During the waning
energy phase, there was evidence of both settling loss to the bed
(decreasing concentration) and reformation of relatively large flocs.
To the best of our knowledge, this is the first field confirmation, in a
wave-energetic coastal setting, of the negative correlations between
floc size and turbulence, and between floc size and suspended
sediment concentrations in strong turbulence.

In the finer-sediment setting (mineral particles as small as
0:5 mm, negligible sand content) and less energetic conditions,
and farther from the river mouth, the primary macro-floc mode
was 300 mm, larger than at the coarser-sediment setting. This
suggests that flocculation might be affected not just by turbulence
and sediment availability, but also by sediment supply sources
(seafloor and river), and possibly colloidal organic matter avail-
ability. In both settings, the variability of smallest and largest
size-classes of suspended particles was larger than that of the
intermediate size class.

The observations discussed here are based on point measurements
of size distribution data, collected at about 1 m above the seafloor.
Numerical modeling results (Son and Hsu, 2011) suggest that, at least
in the bottom boundary layer, the floc size should vary with different
sediment concentration and turbulence intensity. Improving field
instrumentation to avoid limitations (e.g., LISST performance at
high sediment concentrations) would allow to obtain sediment size
distribution and sediment concentration data near bed at multiple
points, and estimating turbulence intensity at multiple points, rather
than defining it solely with bottom shear stress. This would be a
further step in evaluating the assumptions on flocculation in sedi-
ment transport models, and increasing the predictive capability of
these models. It should also be noted that flocs of the same size may
have a wide range of densities and settling velocities (Manning et al.,
2007). Therefore, complementing field observations of sediment
size distribution with estimates of settling velocity (e.g., the residence
time in the water column) would help to understand cohesive
sediment dynamics better.
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