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A B S T R A C T   

Mud settling velocity in coastal regions is controlled by flocculation, which in turn strongly depends on turbulence, chemistry, and biology of the water-sediment 
mixture. As a result, mud settling velocity can be poorly constrained, and vary in space and time by orders of magnitude. Here we quantified mud settling veloc
ity in Barataria Basin, a deltaic estuary in Louisiana (USA), using three independent methods: eddy covariance (one station for 200 days), floc cameras (4 stations at 
one time), and Rouse profile inversion (14 stations, replicated 10–30 times each). Eddy covariance indicates that settling velocity increases with turbulence, at least 
within the range experienced at the site (shear rate G up to 10 Hz). Settling velocity increases with salinity (in the 0 to 6 psμ range) for moderate turbulence levels (5 
< G < 10 Hz), but it is nearly independent of salinity for low levels of turbulence (G < 5 Hz). Consistent with this finding, floc camera measurements – taken at low 
turbulence levels – indicate similar floc sizes for salinities from 0.4 to 20 psu. Settling velocity estimated from a Rouse profile inversion also lacks a dependence on 
salinity, likely because they were taken at low turbulence levels. This study is novel in that it utilizes three methodologies to independently predict the mud settling 
velocity, with quantified settling velocity values ranging 0.1–1 mm/s, and with most values between 0.2 and 0.5 mm/s. Overall these measurements confirm that 
mud is flocculated in both the saline and freshwater zones of Barataria Basin, and that turbulence is the largest factor controlling mud settling velocity. Nonetheless, 
salinity can increase mud settling velocity up to a factor of two. These results could inform the management of sediment imported into estuaries from freshwater 
sources, such as through natural drainages, crevasse splays, and engineered river diversions.   

1. Introduction 

Fine particles such as silt and clay – collectively referred to as mud – 
are highly abundant in estuaries and low-energy coastal areas. The 
settling velocity of mud is a crucial parameter for determining its 
transport and ultimate fate in these environments. For example, mud 
settling velocity strongly controls the distance at which mud is deposited 
from its original source. Mud with higher settling velocity is more likely 
to be retained within the estuary, and more specifically to be retained on 
the marsh platform (Voulgaris and Meyers, 2004), thus contributing to 
its vertical accretion. 

Mud settling velocity depends on the flocculation state of the mud, 
which itself depends on the fluid turbulence and the chemical and bio
logical characteristics of the water-sediment suspension. Flocculation 
refers to the process whereby individual clay and silt size inorganic and 
organic materials bind together to create aggregates or flocs that are 
larger in size than any of the individual constitutive particles. At low 
levels of turbulence, flocs have the potential to grow in size and form 
larger aggregates that can range in size from about 100 to 500 μm due to 

the lower levels of hydrodynamic stress acting on the particle aggre
gates, thereby reducing floc breakup rates. However, in these low-shear 
settings, the flow cannot always keep the larger flocculated material in 
suspension. In such cases, larger particles and flocs settle from the water 
column, leaving smaller flocs or individual particles in suspension. At 
much higher levels of turbulence, the flow can keep material suspended, 
but floc size can be limited by the fluid stress acting on the aggregate. 
Hence, due to settling at lower turbulence levels and shear-limited floc 
growth at higher levels of turbulence, the largest flocs observed in the 
water column are usually present at intermediate levels of turbulence or 
bed shear stress (Winterwerp, 1998). 

Water chemistry controls ion interactions which impact pH, salinity, 
and organic content, all of which can influence flocculation (Mietta 
et al., 2009). Increases in salinity have generally been associated with 
increased floc sizes, especially in the low salinity ranges (0–5 psμ) (Al 
Ani et al., 1991; Abolfazli and Strom, 2023). Settling velocity rates can 
vary in estuaries and some studies have found that settling velocity can 
change drastically when salinity impacts flocculation of sediment (Mikeš 
and Manning, 2010). However, others have suggested that salinity plays 
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a limited role in determining floc size relative to organic matter and 
hydrodynamics (Eisma, 1986; Thill et al., 2001; Verney et al., 2009). 

Outside of a relatively small number of studies (e.g. Droppo et al., 
1998; Droppo et al., 1998; Phillips and Walling, 1999; Fox et al., 2014; 
Le et al., 2020) flocculation in freshwater has been assumed to be a 
negligible component of mud dynamics. Recent analyses of mud con
centration profiles have however pointed to the likely presence of flocs 
as the driver of vertical gradients in mud concentration profiles within 
large freshwater rivers (Izquierdo–Ayala et al., 2021; Lamb et al., 2020; 
Nghiem et al., 2022). In addition, recent in situ observations in the 
Mississippi River have shown that a significant fraction of the mud exists 
as floc aggregates (Osborn et al., 2021, 2023), likely due to the binding 
effect of organic matter (Mietta et al., 2009). Estimates of mud settling 
velocities from Rouse profile analysis (Lamb et al., 2020) and calcula
tions from direct observations of floc size (Osborn et al., 2023) yield 
average mud floc settling velocities typically in the range of 0.1–1 mm/s 
– values sufficiently large to influence mud transport and deposition 
dynamics, and hence geomorphic evolution, relative to mud in an 
unflocculated state. 

Models have been proposed to predict flocculation, for example by 
simulating turbulence-induced aggregation and breakup (Winterwerp 
et al., 2006a). In practice, however, flocculation (and hence settling 
velocity) is difficult to predict, and site-specific field measurements are 
needed to constrain it. Here we study mud settling velocity in Barataria 
Basin, a deltaic estuary in Louisiana (USA). Mud dynamics is particularly 
relevant in this estuary because of the proposed diversion of the Mis
sissippi River (CPRA, 2017; Xu et al., 2016), which is expected to deliver 
up to 75,000 m3/s (CPRA, 2017) of water into Barataria. Within the 
middle areas of Barataria Basin, the location of the planned diversion, 
fine sediment (mud) is the most prevalent geological class while the 
southern part is sandier (Li et al., 2021). Given that mud constitutes 
80–90% of the total sediment load in the Mississippi River (Nittrouer 
and Viparelli, 2014), predicting the fate of the mud entering Barataria 
through this diversion is essential to evaluate its benefits, i.e., its ability 
to reduce marsh loss (Xu et al., 2016). 

Previous modeling studies of sediment dynamics in the estuaries and 
coastal areas of Louisiana have made strong assumptions about the mud 
settling velocity, and systematically neglected its dependence on tur
bulence or water chemistry. A study of the sediment plume of the Mis
sissippi River (Sorourian et al., 2022), based on the FVCOM model, 
assumed that the settling velocity was 0.1 mm/yr for newly delivered 
mud and 3.4 mm/s for the mud already present in the bed. A study of the 
Mississippi Delta region, based on the COAWST model, assumed a 
settling velocity of 0.1 mm/yr for all mud particles (Zang et al., 2019). 
Studies focused on Barataria Basin (Baustian et al., 2018; Meselhe et al., 
2021), based on the Delft3D model, assumed a settling velocity of 0.1 
mm/s for silt and of 0.001 mm/s for clay – implicitly assuming that the 
clay was not flocculated. These uncertainties on these values directly 
translate to uncertainties in model predictions of mud deposition on the 
marsh surface. 

Measuring the settling velocity of mud is complicated. Sediment can 
be composed of numerous physical and chemical properties, and thus 
are difficult to characterize with field instruments. Disturbances in the 
water can hinder settling or break up sediment flocs. Recognizing that 
each method has its own advantages and disadvantages, we estimated 
settling velocity using three independent methods. First, we used the 
eddy covariance method, based on a 200-day time series at a single 
location. Second, we used floc cameras, which provide the most accurate 
measurements of particle size that can be related to settling velocity, but 
lack temporal resolution. Third, we used the Rouse profile inversion, 
from data collected at fourteen different stations. The results are used to 
provide a robust assessment of mud settling velocity, and to provide 
guidance on the management of river diversions. A high floc settling 
velocity could be beneficial to a diversion project as higher settling will 
promote greater mass deposition and therefore land gain near the 
diversion as opposed to potentially advecting muddy sediment distally 

from its source. 

2. Methods 

2.1. Study site 

Barataria Basin is a large and shallow (~2 m deep) deltaic estuary 
located between the Mississippi River and a historical channel of the 
Mississippi River (Bayou Lafourche). The upper portion of the basin is 
dominated by freshwater lakes and wetlands, and transitions to inter
mediate/brackish marshes before giving way to salt marshes that 
dominate adjacent to the nearshore interface, where a chain of barrier 
islands separate Barataria Bay from the Gulf of Mexico (Fig. 1). For 
centuries Barataria Basin was supplied freshwater and sediment via 
flooding from the Mississippi River, however extensive leveeing of the 
channel has restricted movement of materials and thus depleted of 
sediment and nutrient movement. As a consequence, Barataria Basin has 
undergone extensive land loss over the last ~100 years (Couvillion et al., 
2016). Additional factors contributing to this include subsidence and 
eustatic sea-level rise, which combine to generate enhanced relative 
sea-level rise. Currently, freshwater is predominately supplied from the 
Davis Pond Freshwater Diversion, the Gulf Intracoastal Waterway 
(GIWW), and small siphons in the Mississippi River (Fig. 1; Mariotti 
et al., 2022). 

Hydrodynamics within the Barataria Basin are complex and 
impacted by numerous factors. Small astronomical tides, ~0.4 m at the 

Fig. 1. Barataria Basin and site locations: The green dots are the floc camera 
stations, grey dots are USACOE measurement sites, and blue dot is the USGS 
location, and red circle is the ADV location. The red outline indicates the extent 
of the Barataria Basin within the Northern Gulf of Mexico. Base map is provided 
by Google Earth. The red square in panel A is represented in panel B. 
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barrier inlets, dissipate landward (FitzGerald et al., 2007), and meteo
rological events, including tropical storms (summer-autumn months) 
and cold fronts (autumn-spring months) strongly affect water movement 
in southeast Louisiana. For example, following the passage of a cold 
front, greater than 40% of the estuary water volume can be flushed out 
in a two-day period (Feng and Li, 2010). While wind forcing is important 
for Barataria Basin hydrology, wave activity influenced by regional or 
remote wind activity plays a role in driving water exchange between the 
estuary mouth and nearshore region by driving current exchange across 
barrier inlets (Payandeh et al., 2019). 

Salinity within Barataria Basin can vary drastically depending on the 
location. At Barataria pass (southern inlet) salinity can be relatively high 
(>21psμ); towards the center of the basin (Bayou Perot), salinity is very 
low (<1psu); and near the basin head is fresh, i.e., 0 psμ; Turner et al. 
(2019). Additionally, salinity is temporally conditioned by water 
discharge from the Mississippi River: it is well-documented that fresh
water plumes from the Mississippi River can be advected through the 
barrier channels into the basin, thereby “freshening” the southern end of 
Barataria Bay (Walker et al., 2005). 

2.2. Time-series measurements 

2.2.1. Hydrodynamics 
A 6000 kHz Acoustic Doppler Velocimeter (ADV) was deployed near 

the middle of Barataria Basin (90.16◦N, 29.56o W) from November 5th, 
2020, to May 24th, 2021. The three-dimensional velocity components 
(ũ, ṽ, w̃) were measured hourly, 0.4 m above the bed, with a burst of 
8192 points at 64 Hz. The velocity components were rotated so that the ̃u 
was aligned with the principal channel direction. For each burst, the 
velocity, ũ, is decomposed into a mean, u, and a fluctuating velocity, u′ 

(e.g., ũ = u+ u′). 
The bed shear stress produced by the water current was computed 

using three different techniques (Kim et al., 2000; Stapleton and Hunt
ley, 1995). First, the bed shear stress was computed based on the tur
bulent kinetic energy (TKE), 

TKE =(u′u′ + v′v′ +w′w′) / 2. (Eq. 1) 

To minimize the contamination from wave motion – which is irro
tational rather than turbulent – the TKE was approximated by consid
ering only the vertical velocity component (Stapleton and Huntley, 
1995). Then, the resulting bed shear stress is 

τTKE = ρ0.9w’w’, (Eq. 2)  

where ρ is the water density (assumed to be 1000 kg/m3). Even with this 
method, however, the bed shear stress can still be affected by wave 
motion. Therefore, the values were discarded when the wave height was 
measured larger than 0.1 m. 

Second, the bed shear stress was estimated from the depth-averaged 
velocity, 

τU = ρCDU2, (Eq. 3)  

where U is the depth-averaged mean velocity, which is set equal to 1.1u, 
assuming a logarithmic profile, a water depth of 2 m, and a bed 
roughness zo equal to 1 mm. The drag coefficient CD was calibrated by 
comparison with the τTKE (when the wave height was smaller than 0.1 
m) and found equal to 0.0019. 

Third, the bed shear stress was estimated from the TKE dissipation 
rate ε, which was calculated as 

ϵ=
2π
u

1
f2 − f1

∫ f 2

f 1

(
Φ(f )f 5/3

α

)3/2

df (Eq. 4)  

where Φ(f) is the variance spectrum of the vertical velocity, and f1 and f2 
are the limits of the inertial range of the spectrum, taken equal to 1 and 5 

Hz. The value was discarded if the slope of the spectrum in this range is 
more than 50% different than the theoretical value of − 5/3. The value α 
was set equal to 0.67 (Jabbari et al., 2020). Then, the bed shear stress is 
computed as 

τϵ = ρ
[
(kzϵ)1/3

]2
(Eq. 5)  

where k is the von Karman constant, equal to 0.4. For reference, we also 
calculate the shear dissipation rate G, 

G=
̅̅̅̅̅̅̅
ϵ/ν

√
(Eq. 6) 

The significant wave height and peak period were calculated from 
pressure measurements at the bed using the standard linear wave theory 
(Wiberg and Sherwood, 2008). The wave bed shear stress was them 
estimated as 

τw = 0.5ρfwUb
2 (Eq. 7)  

where Ub is the maximum bed orbital velocity associated with the sig
nificant wave height, and fw is a bed friction coefficient, set equal to 
0.015 (Collins, 1972). 

2.2.2. Sediment dynamics 
The acoustic backscatter of the ADV was used as a proxy for the total 

suspended sediment (TSS) using a previously proposed formula (Salehi 
and Strom, 2011), 

TSS= 10(aS+b), (Eq. 8)  

where S is the signal-to-noise ratio [dB] averaged for the three beams. 
The coefficients a and b were established through a laboratory calibra
tion (Fig. 2), whereby preliminary experiments demonstrated that glass 
tanks were creating an unrealistic noise background, necessitating that 
calibration experiments be performed in a 2-m long, 1-m wide, and 40- 
cm deep plastic pool, locating the ADV head in a corner of the pool, 
facing inward. 

In the experiment, we used tap water and sediment collected from 
the flank of a channel near the deployment site. The calibration exper
iment started with no sediment in the pool to establish a baseline 
measurement. From this point, known amounts of sediment were added 
in logarithmic increments beginning at 2 mg/l and finishing at 640 mg/l. 
A propeller was used to keep the water in constant motion and thus 

Fig. 2. Calibration curve of Total Suspended Sediments (TSS) vs. Signal to 
noise ratio (S). Considers salt (1 ppt) and freshwater trials and includes the 
standard deviation of each trial. Standard deviation represents the variation in 
concentration among the three different 1-L samples collected at each interval. 
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homogenize the sediment mixture. At each increment of sediment 
addition, a 3-min time series was collected by the ADV, and three 1-L 
water samples were collected 3 cm from the ADV using a siphon. The 
concentration value was calculated from the average of the three sam
ples collected during each 3-min time series. The samples were filtered 
through 1 μ m glass fiber filters, then dried in an oven at 100 ◦C for 24 h. 
The difference between the filter pre-weight and post-weight was used 
to compute the TSS concentration for each increment. The calibration 
procedure was then repeated at the same logarithmic concentration 
levels (2 mg/l to 640 mg/l), but with added salt (1 ppt); however, no 
significant difference was determined when adding salt. 

2.2.3. Settling velocity from eddy covariance 
The vertical sediment flux was calculated from the covariance 

(Fugate and Friedrichs, 2002), 

E =w’S’, (Eq. 9)  

where S′ is the instantaneous TSS, which is measured at 64 Hz as for the 
velocity. 

Then, assuming that the suspended sediment concentration is in a 
steady state and spatially uniform (in the horizontal direction), the 
sediment deposition flux was set equal to the erosion flux. Assuming that 
the deposition flux is linearly related to the mean suspended sediment 
concentration (S = S′) through a constant settling velocity, the settling 
velocity ws was calculated as: 

ws =
w’S’

S
. (Eq. 10) 

Because this estimate of the settling velocity assumes that the sus
pended sediment concentration is in equilibrium with the local resus
pension, it was only calculated when this condition was met. In practice 
this occurred during ebb currents but not during flood currents (see 
section 3.2). 

2.2.4. Salinity and river discharge 
Salinity was measured at a nearby USGS monitoring station (Bayou 

Perot at Point Legard, Fig. 1), located about 50 m from the ADV site. The 
USGS station also recorded turbidity, which has been previously cali
brated to TSS (Mariotti et al., 2022). The turbidity data were only 
available from day 0 to day 22, and from day 110 to day 150. 

Mississippi River discharge was retrieved from a USGS station 
located at Baton Rouge. This discharge was used as a proxy for the 
discharge into the GIWW (Swarzenski, 2003; Swarzenski and Perrien, 
2015; Mariotti et al., 2022). As mentioned, while salinity in Barataria 
Bay varies spatially and temporally, it fluctuates greatly depending on 
the Mississippi River discharge (Ou et al., 2020). 

2.3. Floc measurements 

2.3.1. Floc camera measurements 
In situ floc size measurements were made at four locations within the 

study region on January 13, 2021, from an 8-m survey vessel using the 
FlocARAZI imaging system paired with a CTD (Osborn et al., 2021). The 
FlocARAZI consists of a camera, microscope lens, and LED light source 
situated within a waterproof housing. The camera system has a field of 
view of 3.7 × 2.8 mm and can resolve particles down to six microns in 
diameter. The system is designed to collect images while either profiling 
over the water column or when holding depth during deployment. At all 
times, a live video feed of imaged flocs is viewable by an onboard 
computer. Camera and light settings can be adjusted in real-time, as may 
be necessary. Images were collected over the depth of the water column 
at North Barataria Bay, in Bay Dosgris, at the ADV Perot station, and 
within the GIWW. Images of the suspended matter were collected at 2 Hz 
continuously over the profile, but the camera was set to collect images 
for multiple minutes at specific depth locations, holding the camera in 

the vertical position, to ensure reliable size distribution statistics of 
imaged particles. 

Measurements of particle area (based on pixel size) for each image 
were extracted using an automated, but tuned, particle extraction 
routine, similar to those outlined in Osborn et al. (2021). Two updates to 
the Osborn et al. method used to process the data included running the 
standard particle identification routines on differenced images only (a 
procedure that removed particles that show up in sequential images) 
and using an updated method to exclude out-of-focus particles from 
analysis. Measured particle areas were classified into groups based on 
water depth at each hold location during the profiling that included: 
surface, mid-depth, and bottom. The area of each particle was then 
converted to a physical length using the pixel-to-physical-length con
version factor (0.925 μm/pixel) and then taking the effective floc 
diameter to be df =

̅̅̅̅̅̅̅̅̅̅̅
4A/π

√
. The volume associated with each measured 

particle or floc was then calculated as Vf = πd3
f /6. The floc diameter, df , 

and volume, Vf , were used to develop volume-based particle-size dis
tributions, which allowed the calculation particle-size distribution 
statistics. 

2.3.2. Settling velocity from floc size 
The settling velocity of any individual floc of size df was calculated 

using the settling velocity equation of (Strom and Keyvani, 2011): 

ws =
gRsd

nf − 1
f

b1vdnf − 3
p + b2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gRsd

nf
f dnf − 3

p

√ (Eq. 11)  

where g is the acceleration of gravity, Rs is the submerged specific 
gravity of the primary particles (Rs = (ρs − ρ)/ρ with ρs equal to the 
density of the primary particles and ρ equal to the fluid density), nf is the 
floc fractal dimension, dp is the diameter of the primary particles of 
which the floc is composed, v is the kinematic viscosity of the fluid, and 
b1 and b2 are model coefficients related to the floc shape and porosity. 
Eq. (11) provides an estimate of the settling velocity for a measured floc 
size, df , given input values for ρ, v, dp, ρs, nf , b1, and b2. 

Strom and Keyvani (2011) provide a full sensitivity analysis of the 
model based on changes in dp, ρs, nf , b1, and b2, and compare and 
calibrate the model to paired floc size and settling velocity data. Based 
on their analysis and recommendations, we used nf = 2.5, dp = 5 μm, 
ρs = 2500 kg/m3, and model coefficients b1 = 120 and b2 = 0 as 
reasonable first-pass values for estimation of settling velocity. These 
model parameter values have also been shown to be reasonable values to 
use when predicting settling velocity using floc size (Markussen and 
Andersen, 2013; Osborn et al., 2023). Fluid density and viscosity were 
set using the temperature and salinity measured with the CTD during 
profiling. 

A distribution average settling velocity was also calculated for each 
hold location in the vertical at each of the four stations. The distribution 
average settling velocity, ws, at each hold location was calculated using 
the fraction of material in each size class by volume, fi, and the log 
centered size associated with each class, di. For each di, the associated 
settling velocity, wsi, was calculated using the Strom and Keyvani (2011) 
equation as previously described. The distribution average settling ve
locity was then obtained by summing the product of the size-class 
settling velocity with the fraction of material in that size class, ws =
∑n

i=1fiwsi, where n is the total number of size classes in each 
distribution. 

2.4. Basin-wide TSS survey 

2.4.1. Data collection 
Beginning in January 1997, the U.S. Army Corps of Engineers 

(USACE) began sampling a transect of stations throughout Barataria 
Basin. In total, 23 stations were sampled at certain times once a month 
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until 2006. Different parameters were measured at the top and bottom of 
the water column, including salinity, turbidity, pH, and temperature. 
Not every station has a complete set of data, so those stations without 
full data were omitted from further analysis, yielding 14 stations total. 

2.4.2. Settling velocity from Rouse profile inversion 
A third method used to estimate ws relies on the inversion of a Rouse 

sediment concentration profile, which is one of the first works regarding 
the balance of settling and turbulence (i.e., Rouse, 1937). This model is 
well-documented for subaqueous sediment-laden flows (e.g., Boudreau 
and Hill, 2020; de Leeuw et al., 2020), whereby the equation is based on 
the assumption that the upward flux of sediment via turbulence is 
balanced by downward gravitational settling. The Rouse equation can 
be arranged in the following way: 

R=
− log Ct

Cb

log
[

zm
(h− zm)

h− zo
zo

] , (Eq. 12)  

where Ct is TSS (mg/l) measured at the top of the water column, Cb is 
the TSS at the bottom of the water column, zb is the elevation above the 
bed at which the bottom TSS ( Cb) is measured (which was assumed to be 
0.1 m), zm is the depth below the water surface where the surface layer is 
measured (estimated here to be 0.2 m), and h is the water depth at each 
individual sampling location. Across the 14 stations, h varied from 1.0 m 
to 5.4 m (where the deepest measurement is at the channel inlet in 
Grand Isle). After calculating the Rouse number (R) the settling velocity 
is calculated as: 

ws =Rκ
̅̅̅̅̅̅̅
τ/ρ

√
, (Eq. 13)  

whereby τ is the bed shear, which was estimated to be equal to 0.4 Pa, an 
assumption that is discussed later. 

3. Results 

3.1. Hydrodynamics 

The magnitude of the depth-average, along-channel velocity (U) 
ranged from 0 to 0.8 m/s (Fig. 3). During the entirety of the deployment, 
there was a net seaward velocity of 0.13 m/s. Water levels and velocity 

fluctuations were associated with both astronomical and meteorological 
tides. Abrupt reversals of U were associated with the approach and 
passage of cold fronts, during which the wind first blows from the 
southeast, and then abruptly reverts to blow from the north (Payandeh 
et al., 2019). Cold fronts were also associated with the highest wave 
heights, which were up to 0.55 m. 

Higher salinity (5–10 psμ) was recorded early in the deployment 
(November–December), in conjunction with a lower discharge from the 
Mississippi River, and hence also from the GIWW. At the end of the 
deployment (April–May) salinity was low (0–1 psμ), in concomitance of 
a higher riverine discharge. The average salinity throughout the period 
was 1.2 psμ. Salinity fluctuations were also associated with velocity 
fluctuations. Salinity increased when the flow was directed landward, 
and then decreased as northerly winds forced water out of the bay. 

All three methods used to estimate current bed shear stress gave 
similar results. Through a single calibration of the drag coefficient, τU 
and τTKE had a high correlation (R2 = 0.88) (Fig. 5). Overall, the bed 
shear stress was dominated by currents than by waves. 

3.2. Sediment dynamics 

The TSS calibration in the lab was robust (R2 = 0.93) and showed no 
sensitivity with respect to water salinity. TSS estimated from the back
scatter data aligns closely (±30%) with TSS estimated from the turbidity 
sensor, which was previously calibrated with independent data (Mariotti 
et al., 2022) (Fig. 2). 

Two distinct TSS trends were identified: a slow changing baseline, 
and a fast changing series of spikes. The baseline increased from 30 to 
40 mg/l during November and December (approximately days 0–30), to 
60–70 mg/l during April and May (days 160–200). TSS also fluctuated 
with peaks of about 300–400 mg/l, which occurred in concomitance of 
high currents (Fig. 3). 

During ebb, TSS was correlated with the bed shear stress, indicating 
that the sediment was locally resuspended. (Fig. 6). During flood, there 
was no correlation between shear stress and TSS, suggesting lateral 
advection of sediment. 

3.3. Settling velocity from eddy covariance 

Settling velocity estimated from eddy covariance varied from 0.1 to 

Fig. 3. Time series at the ADV locations, starting from 11/05/2020 and ending 5/24/2021. A negative U along-channel component is defined as leaving the bay, 
(southerly direction). The orange line in the bottom panel is the moving average, considering a window of 10 days. The grey, shaded box represents a cold front 
(Fig. 4), while the arrow points to the thin, blackline on the day in which floc camera measurements were taken. 
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1.5 mm/s (Fig. 3). Settling velocity increased with turbulence, when 
quantified through either TKE, G, or τU (Fig. 7). For larger turbulent 
levels (TKE >0.0015 m2/s2, G > 5 Hz, τU >0.4 Pa), settling velocity 
remained relatively constant for a given salinity. 

For the highest level of turbulence recorded (G > 5 Hz), settling 
velocity increased with salinity. For example, for G > 5 Hz, settling 
velocity was on average 0.8 mm/s for a salinity greater than 4 psμ but 
only 0.4 mm/s for a salinity of 0–2 psμ. 

3.4. Floc measurements 

Floc measurements at the four stations were taken during a period 

with a moderate river discharge (20,000 m3/s in the Mississippi River), 
when the flow was slow and directed seaward (U~0.2 m/s), and waves 
were small (Hs = 0.01m). Salinity ranged from 4 psμ at the most seaward 
station to 0 psμ at the most landward station. The bed shear stress at the 
ADV location, when the flocs were measured, was 0.2 Pa. 

At three of the four stations (Bay Dosgris, Barataria Bay, and Perot) 
floc size was slightly larger (20%) near the bottom than near the top of 
the water, indicating an equilibrium between resuspension from the bed 
and deposition from the water column (Fig. 8). 

The floc size distribution was similar at all stations, with a d50 from 
135 to 150 μ m, leading to a similar estimated settling velocity (0.3–0.5 
mm/s) at all four stations (Fig. 8). The depth-averaged settling at the 
Perot site (where the ADV was located) estimated from the floc camera 

Fig. 4. Cold front passage during ADV deployment (shaded, grey box from Fig. 3).  

Fig. 5. τU vs τTKE. The solid line indicates the best linear fit. The slope of the 
curve is equal to one because these data were used to calibrate the drag coef
ficient in τU (Eq. (2)). 

Fig. 6. TSS as a function of bed shear stress (τU), separated into flood (land
ward directed) and ebb (seaward directed). 

M. McDonell et al.                                                                                                                                                                                                                              



Continental Shelf Research 273 (2024) 105180

7

was 0.28 mm/s (Fig. 3). The value estimated from the eddy covariance 
at that time was 0.29 mm/s (Fig. 3). 

3.5. Basin-wide survey of TSS and Rouse profile inversion 

Stratification has been shown to be a key driver of flocculation in 
certain salinity and turbulence regimes (Zhang et al., 2018). We 
considered the temperature and salinity data measured at the top and 
the bottom of the water column and found no evidence of vertical 

stratification. Therefore, stratification is neglected when computing the 
settling velocity from the Rouse profile inversion. 

Settling velocity derived from the basin-wide sampling ranged from 
0 (when TSS was uniform in the vertical or slightly higher on the top 
than the bottom) to 1.5 mm/s, with a median value of 0.27 mm/s. No 
trend in settling velocity was detected when grouping the stations into 
three regions (lower, middle, and upper basin), nor when dividing it into 
different levels of salinity or TSS (Figs. 9 and 10). 

The estimated settling velocity is accompanied with uncertainty, 

Fig. 7. Settling velocity as a function of turbulent kinetic energy (TKE), Shear rate (G), and current-induced bed shear stress (τU), for three different ranges of 
salinities. Values are only reported for ebb currents, for which the suspended sediment concentration is in equilibrium with local bed resuspension. Small dots are 
hourly values; large circles are binned means; errorbars are binned standard deviations. 

Fig. 8. Floc measurements. Floc size distribution at different depths and different locations (see Fig. 1).  
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mainly from the assumption of a constant bed shear stress at all sites and 
at all times. We assumed a relatively low bed shear stress because, for 
logistical reasons, water samples were collected during fair weather 
conditions, i.e., when cold fronts and thus strong currents are not pre
sent. Also, assuming they were sampled randomly throughout the as
tronomical tidal cycle, they were more likely to be sampled during a 
period with low to absent currents than during peak flood or ebb cur
rents. Considering the ADV location, for example, the 95th percentile of 
the τU is 0.33 Pa. 

As a sensitivity test, we recalculated the settling velocity (Eq. (13)) 
using a different value for the bed shear stress, either smaller or larger 
than the reference value of 0.4 Pa. For a bed shear stress of 0.2 Pa, the 
settling velocity was 29% lower than the settling velocity calculated 
with the reference value, whereas for a bed shear stress of 0.8 Pa the 
settling velocity was 41% higher than the settling velocity calculated 
with the reference value. Thus, for a wide range of the assumed bed 

shear stress, the settling velocity estimated from the Rouse profile 
inversion aligns closely with the settling velocity estimated with the 
eddy covariance and the floc-camera method. For example, the median 
settling velocity of 0.27 mm/s, obtained from a Rouse profile inversion, 
is similar to the mean value obtained from the eddy covariance method 
(0.20 mm/s) as well as from the floc camera (0.31 mm/s). 

4. Discussion 

4.1. Barataria Basin: a highly dynamic hydro-sedimentary environment 

The hydrodynamics in Barataria Basin is regulated by river discharge 
and astro-meteorological currents. The latter is strongly controlled by 
cold fronts, which creates a strong ebb current (Li et al., 2021; Payandeh 
et al., 2019). The interplay between river discharge and 
astro-meteorological currents explains the salinity and sediment 

Fig. 9. Settling velocity estimated from the Rouse profile inversion at fourteen stations through Barataria Basin (Fig. 1), plotted as a function of salinity.  
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dynamics observed at the ADV location. 
River discharge controls the slow varying response, i.e., the baseline 

values. Early in the deployment, when the river discharge was low, 
salinity was high and baseline TSS was low. As the discharge increased 
during the spring, freshwater and sediment were imported into Barataria 
basin through the GIWW (Mariotti et al., 2022), which then decreased 
salinity and increased the baseline TSS. The increase in the TSS baseline 
from 30 to 40 mg/l to 60–70 mg/l (Fig. 3) is consistent with previous 
estimates from long-term field monitoring and remote sensing in the 
same area (Mariotti et al., 2022). 

Astro-meteorological currents control the quickly varying response, 
and especially the peak values, in TSS. These peaks were associated with 
either local sediment resuspension or lateral advection. Local resus
pension by current flow is clearly observed during ebb currents, for 
which there is a strong correlation between bed shear stress and TSS 

(Fig. 6). Lateral advection is most evident during flood currents when 
TSS is high despite small bed shear stress and hence negligible local 
resuspension at the ADV site (Fig. 6). These sediments are likely resus
pended in lower Barataria Bay (which is more open and thus more prone 
to wave-induced resuspension) and then advected landward. The same 
advection also explains the temporary increase in salinity from 0 to ~5 
psμ during flood currents, as the saltier water from lower Barataria Bay 
is pushed landward (Ou et al., 2020). 

The variability in salinity and currents (and hence turbulence 
regime) set the stage for variable flocculation dynamics. In particular, 
the variability in salinity and turbulence is larger than that present in 
previous studies of mud flocculation (Fugate and Friedrichs., 2002; 
Osborn et al., 2023), and hence provides the opportunity to develop 
robust predictions. 

Fig. 10. Settling velocity estimated from the Rouse profile inversion at fourteen stations through Barataria Basin (Fig. 1), plotted as a function of TSS.  
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4.2. Turbulence and salinity regulate flocculation 

Settling velocity at the ADV site increases monotonically with TKE, 
τU, and G (Fig. 7). This suggests that within this “lower turbulence 
regime”, the limiter on suspended floc size is the ability of turbulence to 
keep flocs or other particulates in suspension. Theoretical models pre
dict that this regime is present for values of the shear rate G smaller than 
about 10–20 Hz (Kumar et al., 2010; Son and Hsu, 2008; Winterwerp 
et al., 2006b). Consistent with this finding, the shear rate measured at 
the ADV sites was always smaller than 10 Hz. For the lowest salinity (0–2 
psμ), settling velocity starts to decrease at a shear rate of about 8 Hz, 
suggesting a regime in which turbulence just starts to break up flocs. 

In addition to turbulence, settling velocity increases with salinity, 
which is consistent with previous studies (Abolfazli and Strom, 2022; Al 
Ani et al., 1991; Mikeš and Manning, 2010). For example, for a shear 
rate of 5 Hz, the settling velocity is 0.4 mm/s with a salinity less than 2 
psμ. Conversely, at the same shear rate level, but with a salinity greater 
than 4 psμ, the settling velocity increases to 0.8 mm/s. Notably, the 
salinity effect is absent at low levels of turbulence (G < 5 hz). Indeed, in 
this regime, the floc size is not directly affected by its growth and 
destruction, but rather by the ability of the flow to keep flocs in sus
pension. Only when the flocculated sediment can be kept in suspension 
for a significant amount of time does salinity (which tends to increase 
the aggregation rate of the sediment) become a factor in determining the 
equilibrium size of the flocs. 

The floc camera measurements in the GIWW provide clear evidence 
that mud is flocculated in freshwater (e.g., salinity <0.4 psμ). Notably, 
the measured floc size and the estimated settling velocity was similar at 
all sites, whose salinity ranged from 0.4 to 20 psμ (Fig. 8). The observed 
flocculation in freshwater is likely enabled by the relatively higher 
organic content within the estuary and the background ion concentra
tion. Mud particles can be strongly influenced by the different types of 
organic matter (OM) found in estuaries, enhancing flocculation (Fur
ukawa et al., 2014; Mietta et al., 2009), as organic matter can “glue” 
flocs together (Eisma, 1986). Over a 22-year study near the observation 
site (Turner et al., 2019), the OM concentration of the suspended sedi
ment was shown to be over 25%. This is much higher than the nearby 
Mississippi River, where OM concentration has been documented to 
have lower values than Barataria Basin (Waterson and Canuel, 2008) – 
about 3% – but yet enough to sustain freshwater flocculation (Osborn 
et al., 2023). 

Contrary to the results obtained by the eddy covariance method, 
settling velocity estimated from the Rouse profile inversion did not have 
a clear dependence on salinity. We speculate that this occurs for two 
reasons. First, the measurements were taken during low levels of tur
bulence (e.g., G < 5 Hz), for which the eddy covariance method suggests 
that there is no dependence on salinity. Second, even when the mea
surements were taken in the regime where salinity should have an effect, 
uncertainty about the level of turbulence prevents us from identifying 
the influence of salinity – i.e., the noise is larger than the signal. 

We also noticed that TSS did not have an effect on settling velocity, 
as has been found in other estuaries. Indeed, mud settling velocity has 
often been positively correlated with TSS (Winterwerp, 1998; Winter
werp et al., 2006b; Whitehouse et al., 2000), especially for TSS greater 
than 1000 mg/l. The absence of a TSS effect at our site likely occurs 
because the range of the observed TSS in mid-Barataria Bay is relatively 
small, i.e., between 10 and 500 mg/l. 

4.3. Implications for sediment diversions and modeling sediment transport 
dynamics 

The three independent methods for estimating settling velocity 
provide consistent results and thus provide a robust input to inform mud 
dynamics in Barataria Basin. In particular, the relationship among 
settling velocity, turbulence, and salinity to floc size and settling ve
locity can better constrain parameters that have been used in numerical 

models of Barataria Basin. For example, a settling velocity of 0.001 mm/ 
s, assigned to unflocculated clay particles in Barataria Basin (Baustian 
et al., 2018) is not realistic. Even in freshwater, mud settling velocity is 
at least 0.1 mm/s for any appreciable level of turbulence (e.g., τU >0.01 
Pa) due to the flocculated nature of the sediment. A settling velocity of 
0.1 mm/s assumed in a different study (Zang et al., 2019) is, therefore, a 
more realistic value; nonetheless, we argue that a value of 0.1 mm/s 
likely remains an underestimate, as all methods herein show that 
average settling velocity is 0.2–0.3 mm/s. 

Changes in settling velocity fundamentally alter predictions of where 
mud accumulates. Settling velocity, therefore, affects the outcome of 
models that seek to evaluate land loss and gain in this dynamic envi
ronment. Prior model simulations indicate that orders of magnitude 
changes in settling velocity greatly impact how far mud delivered by the 
river is dispersed before accumulating in coastal Louisiana (Xu et al., 
2016). With respect to the planned river diversion in Barataria Basin, too 
low of a settling velocity would predict mud entirely exiting the basin. 
Alternatively, too high of a settling velocity would predict mud accu
mulation very close to the diversion outlet. In all, incorrect settling ve
locity values used in models predicting wetland gain and/or loss will 
lead to projections different than reality. 

At the ADV site, in middle Barataria Basin, mud settling velocity 
increased monotonically with turbulence, indicating that flocs and other 
particulates are resuspension-limited rather than growth limited. 
Similar levels of turbulence are likely found in most other areas of 
Barataria Basin. Hence, we suggest that floc dynamics throughout Bar
ataria Basin is transport limited, and thus the areas with relatively 
higher turbulence (e.g., where currents are on the order of 0.5 m/s) 
should experience higher settling velocity than the areas with lower 
turbulence (e.g., sheltered areas with slow currents). 

A different dynamic is present in the nearby main channel of the 
Mississippi River, where turbulence is high enough to limit floc size in 
some regions of the river. Field measurements with a floc camera show 
indeed that floc size increases progressing from the Bonnet Carré 
Spillway to Venice, in association with a decrease in flow speed and 
turbulence (Osborn et al., 2023). Similar or greater turbulence will 
likely be found at the outlet of an engineered river diversion, as that 
planned for Barataria Basin (Xu et al., 2016). These energetic conditions 
could break flocs apart and decrease mud settling velocity, thus 
decreasing the ability to trap this mud. However, in the far-field of the 
diversion, it is likely that bed shear stress would be less than 1 Pa (i.e., 
currents smaller than ~0.8 m/s) (Fig. 3); that is, values similar to those 
typically found in Barataria Basin. Under such turbulence regimes, it is 
likely that flocs sizes would increase rapidly enough to allow for mud 
entering the basin via the diversion to settle and be retained. 

4.4. Future work 

A crucial question concerns the fate of the mud as it reaches the 
vegetated marshes of Barataria Basin. There the velocity is generally 
low, on the order of 0.1 m/s and most likely less than 0.5 mm/s (Frie
drichs and Perry, 2001) Based on the bed-generated turbulence, the flocs 
should be in the transport limited regime and thus should decrease in 
size with a decrease in turbulence within the suspension as larger ma
terial settles. On the other hand, turbulence could also be generated by 
the interaction between the flow and the vegetation, and thus might be 
much larger than that generated by bed friction (Nepf, 2012). Further
more, the direct interaction between the flocs and the vegetation, e.g., 
interception by stems and leaves (Stein et al., 2021), could affect the 
transport characteristics of the flocs. 

Another unresolved question concerns the flocculation state during 
extreme events such as hurricanes. During these events the turbulence 
levels in Barataria Basin might become large enough to induce floc 
breaking and reduce its settling velocity, potentially increasing the loss 
of mud toward the open ocean. Also, the suspended sediment concen
tration might reach levels high enough to hinder settling (Whitehouse 
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et al., 2000), a condition that was not observed during our deployment. 

5. Conclusions 

Mud settling velocity in Barataria Basin was estimated using three 
independent field methods. The three methods provide consistent re
sults, demonstrate that mud is flocculated for salty, brackish, and 
freshwater conditions in Barataria Basin, and indicate that the size of 
floccules is dependent on both turbidity and salinity. 

Throughout Barataria Basin, mud settling velocity measures 0.2–0.5 
mm/s, which ranges from two orders of magnitude to a factor of three 
higher than previous estimates. As such, previous model predictions 
have likely underestimated the ability of mud to be retained within 
Barataria Basin. 

In middle Barataria Basin, mud settling velocity increases mono
tonically with turbulence, presumably never reaching a regime where 
high turbulence levels limit floc size. This is likely due to the relatively 
low energy of the estuary even during cold fronts. This regime differs 
from that encountered in the Mississippi River, where turbulence can be 
high enough in some locations to limit floc sizes. 

Consistent with other measurements in the Mississippi River, mud is 
flocculated in freshwater, likely because of the high organic content and 
relatively high background ion concentration for freshwater. This im
plies that the mud delivered by an engineered river diversion (which 
carries fresh water) has the potential to flocculate and to have a rela
tively high settling velocity. In this study, salinity was found to be 
correlated with an increase in settling velocity of up to a factor two, 
especially at the transition between 0 and 5 psμ. Hence, an increase in 
mud deposition might occur at the transition between fresh and brackish 
water within Barataria Basin. 
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