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Abstract The purpose of this study was to evaluate related
processes of sediment consolidation and resuspension in a
coastal basin and how these processes influence retention of
fine sediment delivered by a river diversion. Sediment sam-
ples were collected from Lake Lery, a coastal receiving basin
of the Caernarvon Diversion from the Mississippi River,
Louisiana. Consolidation was tested for six initial sediment
concentrations (14.0–105 kg m–3) in a settling column over
15-day periods. Mud erodibility was tested at seven shear
stress regimes (0.01–0.60 Pa) using a dual-core Gust erosion
microcosm system, on cores containing suspensions that con-
solidated for 1, 2, and 4 weeks. Consolidation rates were
found to be inversely and exponentially related to initial
suspension concentration, over concentrations ranging from
fluid mud (10–200 kg m–3) to hydraulic dredge effluent.
Consolidation is best predicted by a function consisting of
two exponential terms and one asymptotic constant, describ-
ing rates of rapid initial and slower subsequent settling.
Coupled resuspension and consolidation tests (concentrations
of 20–21 kg m–3) show that shear stresses generating the
highest turbidity peaks increase from ≤0.30 Pa after 2 weeks
of consolidation to ≥0.45 Pa after 4 weeks, and this strength-
ening cannot be attributed solely to increasing sediment con-
centration over time. Comparison of measured erosion shear
stresses with bed shear stresses typical of coastal lakes and

bays suggests that this degree of strengthening, if given time
to occur, could increase the overall retention of fine sediments
deposited on lake and bay floors.

Introduction

The current land area of the Mississippi River Delta (MRD) is
declining due to the combined effects of global sea level rise,
subsidence, coastal erosion, and reduced sediment delivery
(Blum and Roberts 2009). This is the case for many other
large river deltas worldwide (Syvitski et al. 2009). For the
MRD, plans to conserve the remaining land area and create
new land have been presented in Louisiana’s 2012 Coastal
Master Plan (LA CPRA 2012), hereafter referred to as the
Master Plan 2012. This plan aims for the extensive and
efficient usage of sediment (both mud and sand) supplied
via man-made diversions of the Mississippi River, as well as
land built from dredge effluent, mined from the river bed and
other sources. Approximately 90% of the riverine load is
suspended mud (Nittrouer et al. 2008; cf. grain size finer than
63 μm). Computational sediment-transport models are being
used to predict land-building capacity of river-sediment diver-
sions (Meselhe et al. 2012). To accurately portray erosion,
deposition, and consolidation of muds, these models must be
calibrated for properties of local sediments. However, such
rheological and sedimentological measurements for local
MRD mud erosion, deposition, and consolidation are current-
ly lacking.

Within this general framework, the overall goal of this
study is to explore processes of consolidation and resuspen-
sion of fine-grained sediment in Lake Lery (Fig. 1), a natural
coastal basin in the MRD that receives diverted water and
sediment from the Mississippi River. Specific objectives are
(1) to experimentally determine consolidation rates for
suspended sediments spanning the suspended-sediment
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concentration (SSC) range of natural fluid muds (10–200 kg
m–3; e.g., Kineke et al. 1996; McAnally et al. 2007;
Papenmeier et al. 2013) and hydraulic dredge effluents
(Turner 1996), (2) to experimentally determine the time de-
pendency of sediment erodibility at different stages of consol-
idation, and (3) to evaluate the effectiveness of a published
model for mud erosion, deposition, and consolidation
(Sanford 2008), with respect to these experimental results.
This research should help improve the accuracy of predictions
for land building via diversions of muddy Mississippi River
sediments and, more broadly, should provide improvements in
approaches to model coupled processes of mud consolidation
and erosion.

Cohesive sediment consolidation and erodibility

Sediment behaves cohesively when ≥10% of the mass of
sediment is composed of mud-sized mineral grains
(Whitehouse et al. 2000). Numerous studies have identified
three distinct stages of densification for mud suspensions and
deposits. During early stages of mud deposition, flocs of mud-
sized sediment particles sink at rates governed by properties of
individual flocs; as sediments accumulate on and near the bed,
sediment mass concentration increases, reaching the condition
of hindered settling, when the combination of upward fluid
flow (to offset downward floc movement) and floc–floc inter-
actions reduces floc settling velocities below the velocities of
individual flocs in clear water (Winterwerp 2002; Winterwerp
and Van Kesteren 2004). The mass concentration at which
flocs generally come in contact with one another (gelling
concentration; Winterwerp and Van Kesteren 2004) marks
the transition from hindered settling to self-weight consolida-
tion, at which time effective strength begins to develop.
Precise conditions for these stages vary according to local
sediment conditions, but the data synthesis of Whitehouse
et al. (2000) suggests a threshold of unhindered to hindered
settling near mass concentrations of 1–10 kg m–3, and the
initiation of self-weight consolidation near mass concentra-
tions of 100–200 kg m–3. Quantitative models for coupling
hindered settling and self-weight consolidation have been
developed (e.g., Toorman and Berlamont 1993; Toorman
1996) that define explicit nonlinear functions for each of these
processes. Simpler empirical formulations have also been
developed that portray basic changes in consolidation state,
but using simpler mathematical approaches (e.g., Boudreau
and Bennett 1999; Sanford 2008).

As muddy sediments deposit from a uniform suspension,
the vertical distribution of the solids volume fraction øs nor-
mally evolves over time from a constant vertical profile to a
profile where øs increases downward toward an asymptotic
value (ø∞), as described by Mulsow et al. (1998):

ϕs zð Þ ¼ ϕ∞− ϕ∞−ϕs0ð Þexp −kzð Þ ð1Þ

where øs(z) is the surface solids volume fraction at depth z, øs0
is the solids volume fraction at the sediment surface, and k is
an empirical exponential coefficient.

Depositing sediments produce a bed for which the critical
bed erosion shear stress τe is generally positively related to
sediment mass concentration Cm (dry mass of sediment per
unit volume of water plus sediment):

τ e ¼ E1 Cmð ÞE2 ð2Þ

where E1 and E2 are site-specific coefficients (Jepsen et al.
1997; Whitehouse et al. 2000). Erosion of the bed occurs
when the shear stress from waves or/and currents (τ0) exceeds
τe. The solids volume fraction Cm is related to mass concen-
tration by øs=1–(Cm/ρs), where ρs is grain density. The rate of
erosion (kg m–2 s–1) is:

dm

dt
¼ me τ0−τeð Þ ð3Þ

wherem is mass, t is time,me is an empirical erosion constant,
and excess shear stress is τ0−τe.

Although these basic concepts are broadly applicable—
such as the deposition-consolidation-resuspension model of
Sanford (2008), or the model for estuarine fluid-mud dynam-
ics of Winterwerp (2002)—parameterization of related pro-
cesses is site-specific, depending on the particular sedimento-
logical properties of local sediments (cf. above references). As
a result, local studies, such as this one, are required to more
accurately parameterize models of diversion-fed land building
by muddy sediments, as proposed in the Master Plan 2012.

Study area

Lake Lery (Fig. 1) is a shallow basin (1.5 m maximum depth)
located in the Breton Sound coastal drainage basin, which
covers 1,100 km2 of fresh, saline, and brackish wetlands
(Lane et al. 1999) on the southeastern Louisiana coast within
the MRD. Surface sediments are modern but are underlain by
deposits formed 2,000–3,000 years ago comprising part of the
Plaquemines-St. Bernard delta complex (Roberts 1997). The
Caernarvon Diversion from the Mississippi River provides
most freshwater and sediment input into Lake Lery, via Big
Mar (the initial receiving basin for the diversion, and former
agricultural land reclamation project) and Bayou Mandeville
(Fig. 1b). The Caernarvon Freshwater Diversion was opened
in 1991 for salinity control and delivery of mineral sediments
to the Breton Sound basin. The Caernarvon Diversion gener-
ally flows at <183 m3 s–1 but was designed to accommodate
discharge up to 226m3 s–1 (Lane et al. 1999;Wheelock 2003).
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Despite the low water and sediment discharge of the present
diversion, >5 km2 of new land has been built in Big Mar
during the past decade (Baker et al. 2011), and mineral sedi-
ment accumulation is also documented in surrounding wet-
lands (Lane et al. 1999; Wheelock 2003), presumably due to
sediment delivered from the Caernarvon Diversion. The
Master Plan 2012 proposes development of a much larger
diversion (Upper Breton Diversion, flow capacity up to
7,000 m3 s–1) at or near this site in the coming years. In
addition, use of dredged Lake Lery sediments is proposed
for marsh restoration projects in the near future (CWPPRA
2013). For these reasons, parameterization of depositional and
erosional properties of these sediments is important for accu-
rately predicting response of in situ and dredged sediments to
waves and currents.

Materials and methods

Sediments were collected from the western end of Lake Lery,
near the mouth of Bayou Mandeville in 1 m water depth
(Fig. 1) using a Ponar grab sampler, and transported to labo-
ratories at Louisiana State University. The sediment contained
abundant large organic particulates. Because these particulates
would interfere with testing apparatus and because the intent
of the project was to study consolidation and erodibility of
sediments similar to those delivered from the Carnarvon
Diversion (i.e., more mineral content and less marsh debris),
the collected mud was filtered through a 1-mm sieve to
remove the particulates. Five subsamples of this homogenized
sediment were wet-oxidized with hydrogen peroxide to re-
move organics, and analyzed for grain size using a Beckman-
Coulter LS13-320 particle size analyzer. The material was
then diluted sequentially with artificial seawater of 5 PSU
(comparable to in situ salinity at the time of sediment

collection) to prepare six different suspensions for consolida-
tion tests, with mass concentrations of 105, 54.7, 30.1, 22.8,
21.5, and 14.0 kg m–3. Uncertainty in physical-property mea-
surements was determined from the mean and standard devi-
ation of five replicate analyses per suspension. These suspen-
sion mass concentrations were chosen to reflect a range from
dredge effluent (mass concentration of 105 kg m–3) that might
be used for future marsh construction (cf. Turner 1996), to the
more dilute fluid muds that can develop in bays receiving
diversion flows (mass concentration of 14.0 kg m–3; e.g., Wax
Lake Delta, Roberts 1997). Water delivered from the
Mississippi is typically of lower sediment concentration
(<0.4 kg m–3, Nittrouer et al. 2008), but such concentrations
were too low to produce a deposited bed of sufficient thick-
ness (>10 cm) for resuspension tests using the methods de-
scribed below. Consolidation of these suspensions was ana-
lyzed in a settling column, and one of the lower mass concen-
trations (22.8 kg m–3) was chosen as nominal concentration
for the time-series erodibility measurements.

For the highest and lowest suspension concentrations, mud
was homogenized, and five aliquots were collected to assess
water and organic content. Water content was determined
gravimetrically by oven-drying samples at 100 °C, accounting
for salt content. Organic content was then determined by loss
on ignition at 530 °C for 4 h (Heiri et al. 2001).

The settling column was adapted from designs of the US
Army Corps of Engineers (US-ACE): 230 cm tall, diameter of
20.3 cm, with eight ball-valve sampling ports 1.25 cm in
diameter, spaced at 20 cm intervals starting from 10 cm above
the column base, and the top port at 160 cm above the base
(US-ACE US-EPA 1998). For each consolidation test, sedi-
ment was mixed for 10 minutes using a commercial plaster
mixer, and transferred to the settling column by means of a
submersible pump and garden hose. During filling, a
compressor-fed air hose was routed into the column to keep

Fig. 1 Location of study area, with landmarks: a Lake Pontchartrain
(LP), New Orleans (NO), Atchafalaya Bay (AB); white ellipse locations
of Atchafalaya shelf samples shown in Figs. 5 and 6; bMississippi River

(MR), Caernarvon Diversion (CD), Big Mar, Bayou Maurepas (BM),
Lake Lery, and sediment sampling location (white dot)
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the mixture homogenized during filling. Immediately follow-
ing the pumping and removal of the air hose, one 50 mL
sample of the sediment slurry was taken from each of the nine
valves. This process was repeated 1, 3, 7, 13, 25, and 49 h later
and at 48 h intervals after the 49th hour for a total duration of
15 days (as specified by US-ACE US-EPA 1998). External
sections of the valve were flushed with water to clear each port
of residual sediment. Within minutes of starting each experi-
ment, clear water separated from the suspension to reveal a
well-defined sediment surface; sediment height was measured
immediately before and after each sampling event to enable
correction of the height of the sediment column for volume
lost during sampling. Elevation measurements were continued
after the last sampling for most tests, for a total duration of up
to 25 days. This process was repeated for six different exper-
iments at the concentrations listed above.

Erodibility was tested with a dual-core Gust erosion mi-
crocosm system (GEMS; Gust and Muller 1997), which has
been widely used for erodibility measurements at numerous
sites along the US coastline (e.g., Dickhudt et al. 2009; Xu
et al. 2014; Fig. 2). GEMS tests were conducted with a
~20.9 kg m–3 concentration (concentration within 10% of
the 22.8 kg m–3 consolidation test).

To create a sediment column tall enough to allow deposi-
tion of a 10-cm sediment layer for GEMS tests, the 50-cm-
long (10 cm diameter) GEMS core tube was extended verti-
cally using an additional 200-cm tube, coupled with a flexible
rubber connector. This enabled removal of the upper tube,
after sediment deposited to form a layer in the lower tube for
GEMS testing. Sediment preparation for erodibility

experiments was similar to that of the aforementioned consol-
idation experiments. At 1, 2, and 4 weeks after slurry intro-
duction, the upper 200-cm tube (which contained clear water)
was drained and removed carefully, and the lower 50-cm tube
was used for erodibility measurements. Two cores were pre-
pared for each settling period. Spinning disks at the top of a
10-cm column of water above the sediment–water interface
generated seven shear stress levels: 0.01, 0.05, 0.10, 0.20,
0.30, 0.45, and 0.60 Pa (cf. Dickhudt et al. 2009). The cores
were subjected to each shear stress level for 20 minutes in
consecutive order from lowest to highest shear stress levels.

Toorman (1997) found that when a sudden step change in
rotation speed is imposed, there is often oscillation of the
solution due to the overshoot peak. When the change of the
rotation speed is allowed to vary rapidly, but continuously
over a small, finite period, the stress peaks reduce. In the
present study, permanent shear with stepwise increased shear
stress was used and the time steps were 20 minutes, which are
much longer than the duration of oscillation due to overshoot
peak (10s). This approach has been calibrated by Gust and
Muller (1997) and widely used by Maa et al. (1998) for
Baltimore Harbor, Stevens et al. (2007) in the Adriatic Sea,
Law et al. (2008) in the Gulf of Lions, Dickhudt et al. (2011)
in the York River of Chesapeake Bay, and Xu et al. (2014) on
the Louisiana shelf.

The GEMS cores were connected to a pump that main-
tained water flow to extract the sediment that was suspended
as a result of the applied shear stress (Fig. 2). Sediment
concentration of the effluent was measured using two turbi-
dimeters, and by filtration and gravimetric measurement of
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Fig. 2 a Schematic illustration of the settling columns used to prepare
deposited sediments for testing. b Schematic of instruments and connec-
tions for the dual core GEMS; red lines electricity and data transfer, blue

lines water/sediment transfer connections. Modified from Green Eyes
(2010). c Photograph of a GEMS tube showing sediment, erosion head,
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sediment content. This process was utilized to determine the
amount of sediment eroded during each of the shear stress
regimes. Tap water was used for the erodibility experiments,
and was stored in buckets the day before experiments to
ensure that a stable temperature was reached (about 21 °C).
Control measurements of filter weights before and after tap
water filtration indicated that background sediment concen-
tration in the tap water was negligible. Accordingly, unlike the
method of Dickhudt et al. (2009), eroded masses were calcu-
lated based on the weights of eroded sediment without
subtracting background sediment mass.

Results

Physical properties of suspensions

The initial suspension that was diluted sequentially for all tests
had the following physical properties: salinity 5 PSU, solids
mass concentration 225±1.9 kg m–3, organic content 18.2
±0.1% by dry mass, solids volume fraction 0.092±0.001,
and average solids density 2,440 kg m–3, assuming organic-
matter density of 1,500 kg m–3. Initial suspension concentra-
tions (C0) for all settling column tests are shown in Table 1.
The corresponding values for the suspension used for GEMS
measurements are salinity 5 PSU, solids mass concentration
20.7±1.0 kg m–3, organic content 14.6±0.5% by dry mass,
solids volume fraction 0.011±0.0004, and average solids den-
sity 2,480±10 kg m–3.

The sediment used in all experiments contained 14–18%
organic matter by dry mass. During the settling of sediment
slurry, low-density organic matter appeared to settle slowly
and accumulate on the sediment surface of GEMS cores.
Within this organic-rich layer, a mat developed over time

during consolidation, but the mat was entirely eroded by the
applied shear stresses during GEMS tests.

Consolidation tests

Time-series measurements of sediment mass concentration at
each sampling port were produced for each initial concentra-
tion (Fig. 3a, b, Table 1). The initial concentrations for all tests
fall in the range of likely hindered settling (Whitehouse et al.
2000). In testing the highest initial concentration (Fig. 3a), the
effects of stratification were seen in the curvature of the
individual plots taken at each sampling period. During the
first 48 h, the concentration decreased with depth within a
single sampling period except at 10 cm elevation, which had a
higher concentration than observed at 30 cm elevation. In tests
with lower initial sediment concentrations, the concentration
increased with depth at each measurement period (shown for
22.8 kg m–3 in Fig. 3b).

Evaluation of all consolidation tests showed that the rate at
which the consolidating sediment bed decreased in height
decreased with increasing initial concentration (Figs. 3 and 4).
However, there was some variability within this trend. For
example, in the case of an initial concentration of 105 kg m–3

(Fig. 3a), the sediment concentration increased with each suc-
cessive time period. For samples collected at 7, 24, and 48 h,
concentrations displayed mid-depth minima, indicating highest
concentrations at top and bottom. This effect was most clearly
visible in the first few hours of the experiment and no longer
readily apparent by 96 h.

In Fig. 4 (cf. Table 2), sediment surface height (normalized
to initial height for each test) was compared for all six settling
column tests. The rate of decrease in sediment surface height
was most rapid for lowest initial concentrations, more quickly

Table 1 Initial concentration of solids C0 (kg m
–3) from each of the nine

valves of the settling tube at time t=0 for the six tests, with average values
(Avg.) and standard deviations (SD). Samples were collected within the

first 5 minutes of deactivating the air hose that had maintained a well-
homogenized suspension; small deviations from C0 showed that settling
had already commenced

Valve outlet Height from top (cm) Height from bottom (cm) Test 1 Test 2 Test 3 Test 4 Test 5 Test 6

Init. conc. (kg m–3) 105.0 14.0 54.7 30.1 21.5 22.8

0-1 –190.5 10.5 104.0 16.1 55.6 42.2 23.3 24.5

0-2 –170.5 29.5 103.0 14.8 55.1 38.0 21.9 23.1

0-3 –150.5 49.5 105.0 14.4 54.2 23.8 21.3 22.4

0-4 –130.5 69.5 105.0 13.3 54.7 28.5 21.7 23.2

0-5 –110.5 89.5 105.0 13.9 54.8 27.9 21.6 22.4

0-6 –90.5 109.5 104.0 13.3 54.1 29.4 20.6 22.9

0-7 –70.5 129.5 105.0 14.0 54.9 28.0 21.3 22.9

0-8 –50.5 149.5 105.0 12.9 54.6 26.2 20.7 21.9

0-9 –40.5 159.5 106.0 13.0 54.1 27.2 20.6 22.3

Avg. 105.0 14.0 54.7 30.1 21.5 22.8

SD 0.7 1.0 0.5 6.0 0.9 0.8
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approaching an asymptotic elevation for each test than for the
highest concentrations.

Comparing Fig. 3a and b, the concentration for the lowest
sampling port in each test shows that tests beginning at higher
C0 reached a higher final concentration compared to lower C0.
However, tests at lower C0 reached asymptotic maximum
concentrations earlier than for tests at higher C0.

To provide a simpler means of comparing consolidation time-
scales for all six tests, the time for each test at which the sediment
surface reached 50% of initial height was determined from each
dataset (t50, using linear interpolation if the elapsed time fell
between measurement times; Table 3). These results are plotted
against initial concentration (C0) in Fig. 5, in a log-linear plot.

Erodibility experiments

The turbidity peaks generated during seven levels of
shear stresses in GEMS tests varied greatly among
experiments (Fig. 6). Duration and sequence of applied
shear stresses in the GEMS experiments are shown in
Fig. 6a, and timing and magnitude of sediment erosion
are shown in Fig. 6b and c. For useful context, results
of GEMS experiments for natural sediment cores from
the Atchafalaya shelf (Fig. 1a; Xu et al. 2014) are
shown in Fig. 6d. Composition and concentration of
sediments used for erodibility experiments were most
comparable to suspension concentrations of 21.5 and
22.8 kg m–3 used for consolidation tests. In the 1-

a

b

Fig. 3 a Time series of suspension dry bulk density with C0=105 kg m
–3

where the height of the sediment suspension decreases over time (hours 0,
7 . . . 336 of the experiment) as the sediment concentration within the
settling column increases. bCorresponding time series forC0=22.8 kgm

–3

Fig. 4 Composite plot of normalized sediment suspension height vs. time
for each of the six settling column experiments (scatter plots labeled by initial
concentration) with regressions of Eq. 4 plotted as lines for tests exceeding
500 h in duration. In each case, r2=0.99. Coefficient values for each regres-
sion are shown in Table 2. Red curves are results for the Sanford (2008)
consolidation model, as described in text below, using a range of consolida-
tion rates, and initial and boundary conditions for the 105 kg m-3

experiment.Sediment settles more rapidly in suspensions of lower
concentration

Table 2 Parameters for regressions in Fig. 4, using Eq. 4

Parametera Test 1 Test 3 Test 4 Test 6

Init. conc. (kg m–3) 105.0 54.7 30.1 22.8

H∞ 0.491 0.288 0.236 0.195

a 0.239 0.554 0.582 0.690

b 0.078 0.214 0.917 1.359

c 0.286 0.165 0.180 0.116

d 0.009 0.013 0.068 0.072

aDefinitions: H∞, normalized asymptotic height after long consolidation;
a and b, linear and exponential coefficient for early settling, respectively;
c and d, linear and exponential coefficient for advanced consolidation,
respectively

Table 3 Values of t50 (time needed for the normalized sediment height to
reach 50% of its original height), as well as initial and final sediment mass
concentration for the six tests (see Fig. 5)

Test Init. conc. C0 Final conc. Ct t50
(kg m–3) (kg m–3) (h)

1 105.0 214.0 408.0

2 14.0 155.0 0.4

3 54.7 192.0 ~10.0

4 30.1 130.0 ~2.0

5 21.5 144.0 1.0

6 22.8 120.0 0.9
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week experiment, no significant turbidity peak was
found until a shear stress of 0.2 Pa was applied
(Fig. 6b). Turbidity peaked at nearly 2,000 NTU (neph-
elometric turbidity units) when a shear stress of 0.3 Pa
was applied, and this reading was the highest among all
three experiments. The peak decreased to <300 NTU
when shear stresses of 0.45 and 0.6 Pa were applied.

For the 2-week GEMS test, erodibility for the first three
shear stresses was similar to the 1-week test (Fig. 6b).
Turbidity peaks were found at shear stresses of both 0.2 and
0.3 Pa, but the curve of the 2-week test was highly variable
(Fig. 6b), with a lower turbidity peak at a shear stress of 0.3 Pa
than was observed for the 1-week test. Turbidity peaks at
shear stresses of 0.45 and 0.6 Pa were at levels similar to the
1-week test.

Sediment tested after 4 weeks appeared to have strength-
ened (Fig. 6c) more than sediment tested at 1 and 2 weeks.
Comparison of turbidity curves in Fig. 6b and c showed a shift
of the highest turbidity peaks from 0.3 Pa shear stress in 1- and
2-week experiments to 0.45 Pa shear stress in the 4-week
experiment.

Cumulative eroded masses vs. shear stresses in each
of the resuspension tests are shown in Fig. 7, and step-
by-step eroded masses appear in Table 4, demonstrating
that eroded mass generally decreased with increasing
time allowed for consolidation. Specifically, for the 4-
week test, the shear stress required to erode a cumula-
tive mass of 0.2 kg m–2 was higher by ~0.1 Pa than for
the tests of 1 and 2 weeks. For relevant comparison,
average cumulative mass eroded from Louisiana conti-
nental shelf cores (Xu et al. 2014) is also shown in
Fig. 7. A weak organic mat was observed to grow on
the sediment surface in tubes prepared for each test
period, although in each case the mat was removed by
erosion before peak shear stresses were applied, so that

Fig. 5 Regression analysis of t50 (time required for the initial normalized
height of the sediment suspension to reduce by half) vs. initial sediment
concentration C0 for all six consolidation tests, with evidence of a good
positive relationship between these two parameters (for raw data, see
Table 3). The line plot represents regression results for the exponential
equation shown, with goodness of fit r2
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the highest shear stresses eroded mainly inorganic sed-
iment, not organic mat material.

Turbidity (NTU) in GEMS tests was measured based on
the optical properties of sediment particles using the turbidim-
eters, but eroded masses per unit area (kg m–2) at given shear
stresses can be used as an indicator of erodibility as well. For
example, when 0.3 Pa shear stress was applied in GEMS tests,
eroded mass was ~0.28 kg m–2 in 1- and 2-week experiments,
but was only 0.15 kg m–2 in the 4-week experiment (Fig. 7).

Comparison of Figs. 4 and 7 showed that consolidation for
at least 4 weeks was required for the freshly deposited sediment
to reach critical shear strengths comparable to that of the nearby
Louisiana continental shelf. Results in Fig. 4 indicate that
consolidation for sediment of 20–22 kgm–3 reached asymptotic
values by 7 days (168 h), and did not change appreciably in
average bulk density (based on the height of the sediment
column) over the next 21 days. However, Table 4 and Fig. 7
demonstrate that measureable sediment strengthening with re-
spect to erodibility occurred between 2 and 4 weeks.

Discussion

Consolidation tests

During consolidation tests, mid-depth minima in Fig. 3a could
be the result of either air bubbles trapped in the sampled
suspension, gravitational segregation of particles due to vary-
ing settling velocities of particles and aggregates, or non-
uniform escape of pore waters from different levels, essential-
ly blocking channels for water to escape from further below in
the floc matrix. The latter two cases might have produced a
zone of low density in the middle height of the column.

Figure 4 summarizes results for all tests in terms of nor-
malized sediment height versus time. Sediment concentrations
spanning the range of 20–220 kg m–3 (Fig. 3) suggest that
processes active in these experiments include both hindered
settling and self-weight consolidation, similar to the study of
Toorman and Berlamont (1993). If this is the case, then these
sequential processes might best be represented mathematical-
ly by two separate rates of densification: the first for lower
concentrations in which flocs settle but are not deformed
(hindered settling), and the second for more strongly
interacting flocs and aggregates (self-weight consolidation)
at concentrations above the gelling concentration. To repre-
sent this, a regression analysis of suspension height versus
time was conducted on results for the four tests that each ran
for >500 h (22.8, 30.1, 54.7, and 105 kg m–3, with regressions
shown as solid-line plots in Fig. 4), using an equation with two
separate exponential terms and an asymptotic constant:

H t ¼ H∞ þ ae −btð Þ þ ce −dtð Þ ð4Þ

where Ht is sediment height at time t, H∞ is the asymptotic
height after a long period of consolidation, a and b are the
linear and exponential coefficients for early settling, and c and
d are the linear and exponential coefficients for self-weight
consolidation, respectively. This equation is conceptually sim-
ilar to the Toorman and Berlamont (1993) consolidation mod-
el in terms of addressing both hindered settling and self-
weight consolidation but is simpler mathematically. To eval-
uate bulk physical properties using this approach, average
sediment concentration at time t (Ct) can be calculated from:

Ct ¼ C0 H0=H tð Þ ð5Þ

where C0 is initial concentration (Table 3),Ht is height at time
t, andH0 is initial height. In each case, r

2=0.99, demonstrating
an excellent regression fit at each stage of densification
(Fig. 4). These results supported the hypothesis that two
separate consolidation processes with different rates contrib-
uted to the overall change in sediment-bed height and average
sediment concentration.
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Fig. 7 Cumulative eroded mass vs. shear stress for all six Lake Lery
sediment tests using the GEMS, along with average cumulative eroded
mass for Louisiana shelf sediments (the latter extracted from Xu et al.
2014)

Table 4 Total amount of sediment (in grams) eroded at each shear stress
regime

1 Week 2 Weeks 4 Weeks

Shear stress (Pa) Core 1 Core 2 Core 1 Core 2 Core 1 Core 2

0.01 0.0139 0.0082 0.0116 0.0058 0.0032 0.0064

0.05 0.0013 0.0108 0.0090 0.0087 0.0032 0.0039

0.10 0.0245 0.1400 0.0524 0.1040 0.0236 0.0138

0.20 0.5740 0.5420 1.0084 1.1100 0.4210 0.1620

0.30 1.2700 1.3000 0.9440 0.7760 0.7820 0.8220

0.45 1.0500 0.9160 1.1700 1.1900 2.1100 1.6400

0.60 1.7600 1.4200 2.4600 2.1200 1.4800 0.9710
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This approach could be used to predict consolidation time-
scales for natural and engineered deposits in this locale and
potentially elsewhere. This prediction is possible because the
higher concentration (e.g., 105 kg m–3) is similar to those
commonly reported for the effluent of dredging operations in
the region and elsewhere (e.g., Palermo and Thackston 1988),
widely used to construct marshlands such as those proposed
for the Lake Lery shoreline in the near future (CWPPRA
2013). Likewise, the lower concentrations (e.g., <22.8 kg m–

3) typify natural fluid mud deposits (10–40 kg m–3) that occur
in river-influenced estuaries of the MRD (Roberts 1997) and
worldwide (e.g., Weser estuary of the southern North Sea
coast, Schrottke et al. 2006; for comprehensive review, see
McAnally et al. 2007).

A regression analysis between C0 and t50 in Fig. 5 was
conducted using a simple exponential equation, resulting in
r2=0.99 (Fig. 7). These results suggest that the general con-
solidation rate is an exponential function of C0. Although this
regression appears to describe overall mud behavior, regres-
sion fits for individual time series (Fig. 4) require two expo-
nential terms and an asymptotic constant (Eq. 4) to capture the
specific evolution of individual consolidation tests.

Sediment erodibility

The observed shift in highest peaks of SSC indicated that, as
consolidation progressed, a higher shear stress was needed to
suspend a significant amount of sediment off the water–sed-
iment surface. Xu et al. (2014) conducted GEMS tests at sea
for >100 sediment cores collected from the Louisiana shelf
(mainly along 20-m isobaths; Fig. 1a), and reported that the
highest peaks of SSCwere mainly found at a shear stress level
of 0.6 Pa. One representative turbidity curve can be seen in
Fig. 6d. Sediment on the Louisiana shelf had probably rested
undisturbed (with respect to resuspension) for longer time
than the 1–4 week experiments in this study and were thereby
more consolidated. Thus, it seems that the shear stress re-
quired to generate peak turbidity shifted from low (0.3 Pa)
to high (0.6 Pa) levels of shear stresses when sediment became
increasingly consolidated.

In the field measurements of Xu et al. (2014), on average
only 0.08 kg m–2 of older sediment collected from the nearby
shelf was eroded at 0.3 Pa shear stress under the same erod-
ibility test conditions that were subjected to the cores in the
GEMS tests (Fig. 6). This value was lower than that of the 4-
week experiment (0.15 kg m–2 eroded), and the 1- and 2-week
experiments (~0.28 kg m–2 eroded). The increased strength-
ening observed in the 4-week experiment did not appear to be
purely the result of decreasing water content over time.
Sediment with C0 of 20–22 kg m

–3 reached asymptotic values
during the first week of consolidation, while erodibility tests
demonstrated measureable sediment strengthening between 2
and 4 weeks. These data suggested that this strengthening was

probably through the bonds between flocs in the floc matrix
over time, rather than increasing sediment bulk density.

The development of an organic mat was presumably due to
microbial processes. This mat may have contributed to the
reduced resuspension of sediment in 0.01, 0.05, and 0.1 Pa
shear stresses in all three experiments (Fig. 6b and c). Once the
mat was dispersed in the experiments, a substantial amount of
sediment was eroded (Fig. 7). Although the presence of the
organic mat may have lowered sediment resuspension at
lower shear stresses, sediment erosion at the highest shear
stresses was controlled by the consolidation state of the sed-
iment, not the presence of a surficial organic mat. It is unlikely
that natural in situ lake sediments, stirred by waves and
currents and bioturbated by local fauna, would develop such
a microbial mat under field conditions; however, in restricted
basins, such as nearby marsh interiors that experience temper-
ature and salinity extremes, such microbial mat development
is plausible (for useful review, see Franks and Stolz 2009).

In the present study, the modest increases in erosion shear
stress from 1 to 4 weeks shown by the experiments might
suffice to increase the retention of muddy sediments delivered
to coastal lakes and bays, if sufficient time were available for
strengthening to occur. These results can be compared with
bed shear stresses typical of Louisiana coastal lakes and bays
under fair-weather and cold-front conditions (Moeller et al.
1993). Under commonly occurring cold-front winds of 10 m
s–1 blowing across an 8 km fetch in water 4 m deep (charac-
teristic of larger coastal Louisiana bays), typical wave proper-
ties (limited by fetch and depth) can be estimated using simple
methods from the US-ACE (2002), yielding wave height and
period of ~0.45 m and 2.0 s, respectively. Bed shear stress
estimated from these waves and linear wave theory (Wright
1995) yields a range of 0.01–0.4 Pa in water shoaling from 4
to 1.5 m depth. These results suggest that the strengthening
that occurred during 4 weeks of consolidation may be suffi-
cient to increase shear stress for erosion above values typical
of most fair-weather and cold-front conditions, especially in
areas of coastal bays deeper than 1.5 m, or bays with shorter
fetch, smaller waves, and less resuspension. Because passage
of cold fronts during fall, winter, and spring in the region
routinely occurs every 3–7 days (Kineke et al. 2006), natural
resuspension of these deposits is likely, unless sheltered in
more quiescent natural or engineered settings. In other words,
engineering designs to reduce such wave resuspension would
be one approach to enhancing fine-sediment retention in
diversion-receiving basins.

Integrating sediment consolidation and erodibility

The consolidation/erosion model of Sanford (2008) was eval-
uated using experimental data from the present study to pre-
dict consolidation profiles so as to facilitate predictions of
both consolidation and erodibility allowed by the model.
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The model was initialized and calibrated for the 105 kg m–3

test using the methods described by Sanford (2008): initial
conditions were set by initial sediment height and concentra-
tion, and the sediment column height and solids volume
fraction at t=∞ were determined by a fit of Eq. 1 to sediment
column data for the final sampling event. In Fig. 4, red dashed/
dotted curves illustrate model results in terms of normalized
height of the sediment column, using a range of values for the
consolidation rate rc (day

–1, in Eq. 2 of Sanford 2008), which
is the only adjustable coefficient in the model controlling
sediment height and concentration profiles. These results
demonstrate that the existing Sanford (2008) formulation un-
derestimates sediment column height after settlement for
times >250 h, with better success at replicating experimental
results over shorter timescales. For the test case presented by
Sanford (2008), his consolidation model performed well and
was evaluated over timescales <168 h. This suggests that the
approach of using a single exponential consolidation rate can
adequately simulate either early stages of settlement (hindered
settling and the transition into self-weight consolidation) or
later stages (primarily self-weight consolidation), but not both.

The Sanford (2008) model has the advantage of combining
relatively realistic, empirical representations of mud erosion
and consolidation, without producing high computational bur-
dens, and shares the same approach to modeling consolidation
and erosion as the SedTrans05 model of Neumeier et al.
(2008). Although these two models lack the explicit treatment
of elements such as gelling, or floc development and breakup
found in more complex models such as that of Winterwerp
(2002), they have the advantage of computational efficiency.
As a result, consolidation/erosion algorithms similar to those
of Sanford (2008) are becoming widely used in modeling
cohesive sediment transport and deposition (e.g., Rinehimer
et al. 2008; Gong and Shen 2009; Amoudry and Souza 2011;
Fall et al. 2014). A potentially productive area for future
research in muddy sediment dynamics might be development
of more broadly accurate (but not overly complex) formula-
tions (perhaps similar to Eq. 4), while maintaining the com-
putational merits of the existing model (Sanford 2008). Such
models, coupled with standardized experimental tests for con-
solidation and erodibility, would enhance our ability to predict
the coupled evolution of muddy sediment consolidation and
critical shear stress.

Conclusions

The primary conclusions of this study are as follows:

1. Sediments from Lake Lery displayed consolidation rates
that appeared to be inversely and exponentially related to
initial concentrations C0, over a range of concentrations

(14–105 kgm–3) equivalent to the range from fluid mud to
hydraulic dredge effluent used for marsh restoration of
coastal Louisiana.

2. Consolidation for suspension tests was best predicted by a
function consisting of two exponential terms and one
asymptotic constant that conceptually relate to rates of
rapid initial and slower, subsequent settling of sediment.

3. Coupled resuspension and consolidation tests for initial
concentrations (C0) comparable to fluid mud (20–21 kg
m–3) showed that the shear stresses generating the highest
turbidity peaks increased from ≤0.3 Pa after 2 weeks of
consolidation to ≥0.45 Pa after 4 weeks of consolidation.
This strengthening cannot be attributed solely to increas-
ing sediment concentration during this relatively short
period of time.

4. Comparison of these measured erosion shear stresses with
bed shear stresses typical of coastal lakes and bays in the
study area suggested that this degree of strengthening, if
given time to occur, could increase the overall retention of
fine sediments deposited on lake and bay floors.
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