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ABSTRACT

Mud (grains < 62.5 pm) dominates the sediment load of rivers from continents to the ocean
and contributes to building coastal land and sequestering organic carbon. However,
predicting mud transport is challenging because flocculation causes mud grains to
aggregate into larger, faster settling particles called flocs, which dynamically respond to
local flow, water, and sediment properties. In this thesis, | examined the factors controlling
mud flocculation in rivers and deltas and the effects of enhanced floc settling velocity on
mud accretion in a river delta using fieldwork and data compilations from the river
sediment literature. Flocs have the potential to dictate mud deposition rates and transport
patterns by effectively enhancing mud settling velocity. First, | developed a semi-empirical
model to predict floc diameter and settling velocity in rivers using a global river data
compilation (Chapter 2). Results show that turbulence, sediment concentration and
mineralogy, organic matter concentration, and water chemistry are the key flocculation
factors in rivers. | conducted fieldwork in the Wax Lake Delta, Louisiana, a river delta in
the Mississippi River Delta complex. Based on floc measurements at the Wax Lake Delta, |
validated the semi-empirical model and showed that a complementary physics-based floc
settling velocity model relies on the permeability and fractal structure of flocs (Chapter 3).
To better link floc settling velocity and mud transport, | used the Wax Lake Delta field data
to demonstrate that flocculated mud might behave as bed-material load rather than
washload (Chapter 4). This result implies that mud concentration and flux might be readily
predictable from bed-material entrainment theory using local bed and flow measurements.
Connecting mud transport to delta island sedimentation and delta resilience, | analyzed
discharge and sediment flux in the Wax Lake Delta to understand how sediment is
delivered to and transported in islands (Chapter 5). Field data and backwater modeling
results show that tall levees can block flow, but intricate feedbacks between flow depth,
velocity, and water surface slope set discharge and sediment flux into the island once
primary channels overflow into islands. Suspended mud settles fast enough relative to
island flow depth and velocity to settle out within the island rather than bypass. As such,
mud can accrete and build up the island over time as evidenced by mud-rich island deposits
in Wax Lake Delta. Finally, combining Wax Lake Delta data and a river data compilation
on suspended sediment grain size and mineralogy, | showed that most suspended sediment
in rivers is flocculated silt (Chapter 6). This silt likely flocculates due to physical trapping
mechanisms rather than typically considered interactions between clay minerals and
salinity because clay minerals compose a minority of the silt. Overall, this thesis informs
how flocculation affects mud transport in rivers and deltas, encompassing the mechanisms
of mud flocculation, predictions of floc settling velocity and mud concentration, and the
significance of mud flocculation in shaping depositional landscapes.
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Chapter 1

INTRODUCTION

Rivers move enormous volumes of water, sediment, and solutes globally through continents
and into the ocean. Rivers typically deposit sediment and build land as they approach the
coast. These fluvial landscapes host large populations, diverse ecosystems, and
infrastructure, but are subject to dynamic river flooding and sedimentation processes that
often constitute natural hazards to humans. In particular, mud (grains < 62.5 um) plays a key
role in these processes because it is ubiquitous in rivers (Fig. 1.1).

Figure 1.1. A mud-rich island in the Wax Lake Delta, Louisiana, USA, a river delta in the
Mississippi River Delta complex.

Why is it important to understand mud transport in rivers?

One reason is that river mud is a vehicle for carrying materials like organic carbon (Galy et
al., 2008; Blair and Aller, 2012) and pollutants (Nelson and Lamothe, 1993; Pizzuto, 2014)
on the surface of grains. Mud has great capacity to host these materials because its fine grain
size gives it greater surface area per mass compared to coarser sediment like sand. If one
wants to know where sediment-bound materials are going, then one needs to know where
the mud is going. This idea is critical in the terrestrial carbon cycle because the vulnerability
of sediment-bound river organic carbon to oxidation (i.e., carbon release to the atmosphere)
relies on the degree to which mud deposition protects organic carbon.
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Another reason to study mud transport in rivers is that mud is the key natural resource to
build land in coasts and offset sea level rise. In particular, river deltas have become
increasingly at risk of losing large areas of land to sea level rise (Syvitski et al., 20009;
Couvillion et al., 2017). One solution is to build up land in deltas by accreting sediment, most
of which is mud in these distal low-gradient coastal zones. If mud sedimentation rate is
sufficiently high to keep pace with sea level rise (Giosan et al., 2014), then land loss could
be mitigated in deltas. Faster sedimentation rates also aid efficient organic carbon burial and
limit atmospheric carbon release (Blair and Aller, 2012). However, coastal restoration
engineering faces high uncertainty because of knowledge gaps in sediment transport
mechanisms (e.g., Allison and Meselhe, 2010).

Although mud sedimentation and land building can help combat sea level rise, the alluvial
sedimentary record suggests that mud did not always build land. McMahon and Davies
(2018) showed that pre-Silurian alluvial rocks contain very little mud, but mud dominates
alluvial rocks from the Silurian onward. So although mud is an important part of modern
rivers and floodplains, ancient rivers might not have been able to preserve mud for reasons
that remain unclear (Zeichner, Nghiem et al., 2021). This dichotomy has the potential to
reveal the core features of mud transport that allow mud to construct modern alluvial
landscapes.

How is mud transported in rivers?

Understanding mud transport in rivers is critical for evaluating these motivating factors. The
classic paradigm is that mud behaves as washload. That is, mud simply washes through rivers
without exchange between the river bed and flow because its grain size and hence settling
velocity are so small (Einstein et al., 1940; Church, 2006; Fig. 1.2). It implies that external
sediment supply, like soil erosion, controls mud concentration in rivers. In other words, local
flow conditions and bed grain size composition in the river are thought to be unrelated to
mud concentration because local mud entrainment and deposition are assumed to not occur.
If mud behaves as washload, then predicting mud transport is difficult because one must be
able to predict the sources of mud distributed all along the river.

—_— —_—
[ ] L ° ._b [ ]
washload « | —_ . °
. — S —_—,

bed-material load

settling
entrainment

Figure 1.2. Schematic of a river cross-section showing washload versus bed-material load.
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However, it is clear that the washload paradigm is flawed because mud is clearly abundant
in river and coastal deposits (Fig. 1.1). An alternative hypothesis of mud transport is that
flocculation increases mud settling velocity such that mud behaves as bed-material load.
Bed-material load is the sediment that is actively exchanged between the river bed and flow,
making it possible to predict the entrainment rate and concentration of bed-material load
using local flow conditions and bed grain size distribution (Einstein, 1950; Garcia and Parker,
1991; De Leeuw et al., 2020). The bed-material load treatment is standard for sand because
sand is relatively coarse and settles quickly, but thought to be not applicable to mud because
mud settles too slowly.

Flocculation of mud has the potential to increase mud settling velocity and cause mud to
behave more like bed-material load. Small grain size and the presence of clay minerals often
cause mud to be cohesive (e.g., Ternat et al., 2008) and flocculate (e.g., Van Leussen, 1988).
Flocculation is the process by which sediment grains aggregate in situ into larger particles
called flocs. Flocculation increases the settling velocity of mud because flocs settle faster
than individual mud grains. Faster mud settling velocity might cause mud to behave more as
bed-material load by promoting active mud exchange between the bed and flow (Fig. 1.2).
In this case, it would be possible to predict mud concentrations based on local bed and flow
properties as Lamb et al. (2020) showed. They developed a model to predict mud
concentration in rivers as bed-material rather than washload, but relied on inferred river floc
settling velocity data. Additionally, it is unknown whether the bed-material load treatment
applies in river deltas, where the bed tends to be muddier and more cohesive than that in
rivers and might instead follow a cohesive entrainment equation (Partheniades, 1965).

Research Questions

To evaluate these hypotheses on mud transport in rivers, my thesis focuses on three broad
goals that span increasing spatial scales: (1) predicting floc settling velocity (individual floc
scale), (2) understanding the impact of flocculation on mud transport mechanics and the
construction of rivers and deltas (reach scale), and (3) assessing the overall grain size,
mineralogy, and flocculation state in rivers globally (continental scale).

First, floc settling velocity in rivers is important because it dictates the sediment transport
behavior of flocculated sediment (e.g., Lamb et al., 2020). But predicting floc settling
velocity is difficult because flocs dynamically grow and break up in response to flow
conditions and sediment properties (Kranck and Milligan, 1980; Winterwerp, 1998).
Classically, Stokes law is used to predict the settling velocity as a function of grain size
(Stokes, 1851; Ferguson and Church, 2004; Fig. 1.3). But Stokes law only applies to
individual grains and not flocs. To overcome this problem, Strom and Keyvani (2011)
modified Stokes law to derive a floc settling velocity equation as a function of floc diameter.
In conjunction, Winterwerp (1998) developed a model to predict floc diameter based on
turbulence driving particle collisions and floc breakage and calibrated the model using
estuarine floc data. However, the Winterwerp model is limited because (1) the effects of
other key flocculation factors like organic matter binding and sediment mineralogy are not
explicitly included and (2) the model has not been calibrated on river floc data.



Turbulent drag
(Ferguson &
Church, 2004)

10

10

settling velocity (m s1)
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Figure 1.3. Settling velocity versus grain diameter predicted by Stokes law. The Ferguson
and Church (2004) curve is a modification of Stokes law that accounts for the turbulent
drag of coarser grains.

In this thesis, | develop a semi-empirical model to predict river floc diameter and settling
velocity as an explicit function of turbulence, sediment concentration and mineralogy,
organic matter concentration, and water chemistry (Chapter 2). | calibrate the model using
river floc settling velocities inferred from fitting sediment transport theory to a data
compilation of vertical profiles of suspended sediment concentration in rivers. To better
validate this semi-empirical settling velocity model, | conducted fieldwork at the Wax Lake
Delta, Louisiana, USA, a river delta in the Mississippi River Delta complex, to measure floc
properties. | use these direct measurements of flocs to validate the semi-empirical model and,
additionally, the Strom and Keyvani (2011) floc settling velocity model (Chapter 3).

The second goal is to understand the role of flocculation in mud transport mechanisms and
alluvial landscapes. | use the Wax Lake Delta field data to investigate whether mud in river
deltas can be treated as flocculated bed-material load (Chapter 4). Flocculation might not
only facilitate mud concentration prediction, but also aid land building by promoting faster
mud sedimentation rates in more proximal parts of river deltas. Sediment in suspension in a
river moves both vertically because of its settling velocity and horizontally because of the
river flow velocity. Faster settling sediment travels a shorter distance (i.e., advection length)
before reaching the bed and potentially building sediment deposits (Lamb et al., 2010; Fig.
1.4). If flocculation can sufficiently increase the settling velocity of mud, then mud can be
more easily captured in nearshore environments like deltas and build land rather than being
washed away to the ocean.
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Ultimately, understanding how sediment is delivered to delta islands is critical for forecasting
whether river deltas will survive sea level rise. Delta islands are the shallow loci of
sedimentation in river deltas, so they must keep pace with sea level rise for the delta to avoid
being irreversibly drowned (Salter and Lamb, 2022). Numerical models have shed light on
the factors controlling sediment retention and accretion rate in deltas (Nardin and Edmonds,
2014; Olliver et al., 2020), but field measurements of flow hydraulics and sediment fluxes
have been limited. In this thesis, | report field data of hydraulics, suspended sediment, and
sediment deposits from the Wax Lake Delta to provide insight into the tidal and river
processes that contribute sediment to delta islands (Chapter 5).

The third goal, at the broadest spatial scale, is to understand the typical grain size,
mineralogy, and flocculation state of suspended sediment in alluvial rivers globally.
Wentworth (1922) presented a now-standard clastic sediment grain size system in which clay
size is the finest sediment class and is assumed to consist of clay minerals, while coarser
grains are expected to consist of non-clay minerals. Clay minerals are often thought to be the
most susceptible to flocculation because of their mineralogy and small grain size (Velde,
1995). But sediment grains coarser than clay sizes have been shown to readily flocculate in
rivers too (Lamb et al., 2020) despite their expected non-clay mineralogy. | resolve this
paradox and reveal the typical state of river suspended sediment by synthesizing sediment
grain size, clay mineralogy, and flocculation measurements from the Wax Lake Delta and
rivers compiled from the literature (Chapter 6).

References

Allison, M. A., & Meselhe, E. A. (2010). The use of large water and sediment diversions in
the lower Mississippi River (Louisiana) for coastal restoration. Journal of Hydrology, 387(3—
4), 346-360. https://doi.org/10.1016/j.jhydrol.2010.04.001

Blair, N. E., & Aller, R. C. (2012). The Fate of Terrestrial Organic Carbon in the Marine
Environment. Annual Review  of Marine  Science, 4(1), 401-423.
https://doi.org/10.1146/annurev-marine-120709-142717



6
Church, M. (2006). Bed material transport and the morphology of alluvial river channels.
Annual  Reviews of Earth and Planetary  Science, 34, 325-354.
https://doi.org/10.1146/annurev.earth.33.092203.122721

Couvillion, B. R., Beck, H., Schoolmaster, D., & Fischer, M. (2017). Land area change in
coastal Louisiana (1932 to 2016). USGS Scientific Investigations Maps.
https://doi.org/10.3133/sim3381

De Leeuw, J., Lamb, M. P., Parker, G., Moodie, A. J., Haught, D., Venditti, J. G., &
Nittrouer, J. A. (2020). Entrainment and suspension of sand and gravel. Earth Surface
Dynamics, 8(2), 485-504. https://doi.org/10.5194/esurf-8-485-2020

Einstein, H. A. (1950). The bed-load function for sediment transportation in open channel
flows (Issue 1026). US Department of Agriculture.

Einstein, H. A., Anderson, A. G., & Johnson, J. W. (1940). A distinction between bed-load
and suspended load in natural streams. Eos, Transactions American Geophysical Union,
21(2), 628-633. https://doi.org/10.1029/TR021i002p00628

Ferguson, R. 1., & Church, M. (2004). A Simple Universal Equation for Grain Settling
Velocity. Journal of Sedimentary Research, 74(6), 933-937.
https://doi.org/10.1306/051204740933

Galy, V., France-Lanord, C., & Lartiges, B. (2008). Loading and fate of particulate organic
carbon from the Himalaya to the Ganga—Brahmaputra delta. Geochimica et Cosmochimica
Acta, 72(7), 1767-1787. https://doi.org/10.1016/j.gca.2008.01.027

Garcia, M., & Parker, G. (1991). Entrainment of Bed Sediment into Suspension. Journal of
Hydraulic  Engineering, 117(4), 414-435. https://doi.org/10.1061/(ASCE)0733-
9429(1991)117:4(414)

Giosan, L., Syvitski, J., Constantinescu, S., & Day, J. (2014). Climate change: Protect the
world’s deltas. Nature News, 516(7529), 31. https://doi.org/10.1038/516031a

Kranck, K., & Milligan, T. (1980). Macroflocs: Production of marine snow in the laboratory.
Marine Ecology - Progress Series, 3, 19-24.

Lamb, M. P., De Leeuw, J., Fischer, W. W., Moodie, A. J., Venditti, J. G., Nittrouer, J. A.,
Haught, D., & Parker, G. (2020). Mud in rivers transported as flocculated and suspended bed
material. Nature Geoscience, 13(8), 566-570. https://doi.org/10.1038/s41561-020-0602-5

Lamb, M. P., McElroy, B., Kopriva, B., Shaw, J., & Mohrig, D. (2010). Linking river-flood
dynamics to hyperpycnal-plume deposits: Experiments, theory, and geological implications.
GSA Bulletin, 122(9-10), 1389-1400. https://doi.org/10.1130/B30125.1



-
McMahon, W. J., & Davies, N. S. (2018). Evolution of alluvial mudrock forced by early
land plants. Science, 359(6379), 1022-1024. https://doi.org/10.1126/science.aan4660

Nardin, W., & Edmonds, D. A. (2014). Optimum vegetation height and density for inorganic
sedimentation in  deltaic marshes. Nature Geoscience, 7(10), 722-726.
https://doi.org/10.1038/nge02233

Nelson, C. H., & Lamothe, P. J. (1993). Heavy metal anomalies in the Tinto and Odiel river
and estuary system, Spain. Estuaries, 16(3), 496-511. https://doi.org/10.2307/1352597

Olliver, E. A., Edmonds, D. A., & Shaw, J. B. (2020). Influence of Floods, Tides, and
Vegetation on Sediment Retention in Wax Lake Delta, Louisiana, USA. Journal of
Geophysical Research: Earth Surface, 125(1), €2019JF005316.
https://doi.org/10.1029/2019JF005316

Partheniades, E. (1965). Erosion and deposition of cohesive soils. Journal of the Hydraulics
Division, 91(1), 105-139. https://doi.org/10.1061/JY CEAJ.0001165

Pizzuto, J. E. (2014). Long-term storage and transport length scale of fine sediment: Analysis
of a mercury release into a river. Geophysical Research Letters, 41(16), 5875-5882.
https://doi.org/10.1002/2014GL060722

Salter, G., & Lamb, M. P. (2022). Autocyclic secondary channels stabilize deltaic islands
undergoing relative sea level rise. Geophysical Research Letters, €2022GL098885.
https://doi.org/10.1029/2022GL098885

Stokes, G. G. (1851). On the effect of the internal friction of fluids on the motion of
pendulums. Transactions of the Cambridge Philosophical Society, 9, 8-106.

Strom, K., & Keyvani, A. (2011). An explicit full-range settling velocity equation for mud
flocs. Journal of Sedimentary Research, 81(12), 921-934.
https://doi.org/10.2110/jsr.2011.62

Syvitski, J. P., Kettner, A. J., Overeem, I., Hutton, E. W., Hannon, M. T., Brakenridge, G.
R., Day, J., Vorosmarty, C., Saito, Y., & Giosan, L. (2009). Sinking deltas due to human
activities. Nature Geoscience, 2(10), 681-686. https://doi.org/10.1038/nge0629

Ternat, F., Boyer, P., Anselmet, F., & Amielh, M. (2008). Erosion threshold of saturated
natural cohesive sediments: Modeling and experiments. Water Resources Research, 44(11).
https://doi.org/10.1029/2007WR006537

Van Leussen, W. (1988). Aggregation of Particles, Settling Velocity of Mud Flocs A
Review. In J. Dronkers & W. van Leussen (Eds.), Physical Processes in Estuaries (pp. 347—
403). Springer. https://doi.org/10.1007/978-3-642-73691-9 19



8
Velde, B. (1995). Composition and Mineralogy of Clay Minerals. Origin and Mineralogy
of Clays, 8-42. https://doi.org/10.1007/978-3-662-12648-6 2

Wentworth, C. K. (1922). A scale of grade and class terms for clastic sediments. The Journal
of Geology, 30(5), 377-392. https://doi.org/10.1086/622910

Winterwerp, J. C. (1998). A simple model for turbulence induced flocculation of cohesive
sediment. Journal of Hydraulic Research, 36(3), 309-326.
https://doi.org/10.1080/00221689809498621

Zeichner, S. S., Nghiem, J., Lamb, M. P., Takashima, N., De Leeuw, J., Ganti, V., & Fischer,
W. W. (2021). Early plant organics increased global terrestrial mud deposition through
enhanced flocculation. Science, 371(6528), 526-529.
https://doi.org/10.1126/science.abd0379



Chapter 2

A MECHANISTIC MODEL FOR MUD FLOCCULATION IN
FRESHWATER RIVERS

Justin A. Nghiem, Woodward W. Fischer, Gen K. Li, and Michael P. Lamb

Chapter 2 is modified from a previously published manuscript: Nghiem, J. A., Fischer, W.
W., Li, G. K., & Lamb, M. P. (2022). A Mechanistic Model for Mud Flocculation in
Freshwater Rivers. Journal of Geophysical Research: Earth Surface, 127(5),
e2021JF006392. https://doi.org/10.1029/2021JF006392

Abstract

The transport and deposition of mud in rivers are key processes in fluvial geomorphology
and biogeochemical cycles. Recent work indicates that flocculation might regulate fluvial
mud transport by increasing mud settling velocities, but we lack a calibrated mechanistic
model for flocculation in freshwater rivers. Here, we developed and calibrated a semi-
empirical model for floc diameter and settling velocity in rivers. We compiled a global
dataset of river suspended sediment concentration-depth profiles and inverted them for in
situ settling velocity using the Rouse-Vanoni equation. On average, clay and silt (diameters
< 39 pm) are flocculated with settling velocity of 1.8 mm s and floc diameter of 130 um.
Among model variables, Kolmogorov microscale has the strongest positive correlation with
floc diameter, supporting the idea that turbulent shear limits floc size. Sediment Al/Si (a
mineralogy proxy) has the strongest negative correlation with floc diameter and settling
velocity, indicating the importance of clay abundance and composition for flocculation. Floc
settling velocity increases with greater mud and organic matter concentrations, consistent
with flocculation driven by particle collisions and binding by organic matter which is often
concentrated in mud. Relative charge density (a salinity proxy) correlates with smaller floc
settling velocities, a finding that might reflect the primary particle size distribution and
physical hosting of organic matter. The calibrated model explains river floc settling velocity
data within a factor of about two. Results highlight that flocculation can impact the fate of
mud and particulate organic carbon, holding implications for global biogeochemical cycles.

Plain Language Summary

The fate of fine sediment in rivers is important for understanding contaminant dispersal,
organic carbon burial, and the construction of river floodplains and deltas. Individual grains
of silt and clay dispersed in water settle under the pull of gravity at extremely slow rates.
However, in natural rivers, these mud particles can aggregate together into larger structures
called flocs, resulting in far faster settling rates. Here, we built on prior work from estuaries
to develop a settling velocity model for flocculated mud in freshwater rivers. Our results
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demonstrate that mud settling velocity increases in rivers with less vigorous turbulence
because turbulence can break flocs apart. Mud settling velocity also increases with greater
concentrations of mud and particulate organic matter, which promote particle collisions and
binding. Counterintuitively, settling velocity decreases with greater clay abundance and
greater river water salinity, possibly due to how they affect organic matter in binding mud
particles into flocs. Our results improve understanding of floc behavior in rivers and indicate
potential links between the routing of mud and organic matter, river geomorphology, and
global climate.

2.1 Introduction

Mud (grain diameter, D < 62.5 um) dominates the sediment load carried by rivers globally
(e.g., Baronas et al., 2020; Lupker et al., 2011) and its fate is important for our understanding
of fluvial geomorphology and biogeochemical cycling. For example, mud-rich fluvial
deposits are a major component of the rock record (Aller, 1998; McMahon and Davies, 2018;
Zeichner et al., 2021). Mud cohesion increases bank strength in alluvial rivers, affecting river
morphodynamics (e.g, Dunne and Jerolmack, 2020; Kleinhans et al., 2018; Lapotre et al.,
2019; Millar and Quick, 1998). Mud is also a primary carrier of organic carbon and pollutants
because of its high specific surface area (e.g., France-Lanord and Derry, 1997; Galy et al.,
2015; Pizzuto et al., 2014). Despite its importance, we lack well-tested mechanistic models
for mud transport in rivers.

Mud in rivers has traditionally been treated as washload, or sediment that is too fine to
regularly settle to and interact with the riverbed (Church, 2006; Garcia, 2008). In contrast,
recent work suggests that flocculation—the aggregation of particles into composite structures
called flocs—can enhance mud settling velocities and drastically affect mud transport
dynamics in rivers (Bouchez et al., 2011b; Lamb et al., 2020; Zeichner et al., 2021). Similar
to sand, flocculated mud might be in a dynamic interchange between the flow and bed
material (Lamb et al., 2020). Mud flocculation has been well-studied in estuarine and marine
systems where flocs form in part because salinity promotes van der Waals attraction between
particles (e.g., Hill et al., 2000; Mehta and Partheniades, 1975;Winterwerp, 2002; Fig. 1). In
addition, flow turbulence, sediment concentration, organic matter concentration, and clay
mineralogy are important for estuarine and marine flocculation (e.g., Kranck and Milligan,
1980; Meade, 1972; Verney et al., 2009). In contrast to the wealth of studies on flocculation
in saline environments, knowledge on flocculation in freshwater rivers is relatively limited
(e.g., Bungartz and Wanner, 2004; Droppo and Ongley, 1994; Droppo et al., 1997).

Studies in rivers identified flow characteristics, organic matter concentration, and suspended
sediment concentration as potential controls on floc size, settling velocity, and strength (Fig.
1). Through microscopy of samples from Canadian rivers, Droppo and Ongley (1994)
observed organic matrices binding together mineral sediment into flocs. They observed
correlations between floc size and suspended sediment concentration, attached bacteria
count, and particulate organic carbon concentration. Bungartz et al. (2006) characterized floc
setting velocities at three transects along a lake outlet and found faster-settling flocs at higher
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discharge, a result they attributed to faster floc growth at higher flow turbulence. They also
showed that settling patterns of suspended sediment and particulate organic carbon were
similar, supporting the idea that flocculation controlled transport of both mineral sediment
and organic carbon. Gerbersdorf et al. (2008) examined bed material composition in the
Neckar River, Germany, and identified rich networks of microbe-derived extracellular
polymeric substances (EPS). They found positive correlations between concentrations of
EPS moieties and the critical shear stress for erosion, indicating that EPS can help stabilize
bed sediment. Lamb et al. (2020) used a field data compilation to infer the presence of
widespread mud flocculation in rivers. They showed that in situ particle settling velocity can
be inferred by fitting the Rouse-Vanoni equation to grain size-specific suspended sediment
concentration-depth profiles. However, they did not explain the order-of-magnitude variation
in the inferred floc settling velocities.

Experiments have also supported organic matter, dissolved species, and sediment
concentration as important controls on freshwater flocculation (Fig. 1). Chase (1979) showed
that the presence of organics increased floc settling velocity, a result attributed to the
interaction of sediment surface coatings, organic chemistry, and dissolved solutes.
Subsequent experiments showed that sediment concentration positively correlated with floc
size while fluid shear rate affected floc size and settling velocity differently (e.g., Burban et
al., 1990; Tsai et al., 1987). More recent experiments examining the role of organics on
flocculation in freshwater highlighted the importance of nutrients, biomass, and organic
matter composition on floc size and settling velocity (Furukawa et al., 2014; Lee et al., 2017;
Lee et al., 2019; Tang and Maggi, 2016; Zeichner et al., 2021). For instance, Zeichner et al.
(2021) showed in experiments modeled after rivers that organic matter increased clay floc
settling velocities by up to three orders of magnitude, depending on organic matter type and
clay mineralogy.

Process-based flocculation theory is required to link field studies and experiments into a
coherent framework. Floc population balance models use particle aggregation and breakage
kernels, and have been successful at reproducing floc size distributions (e.g., Lick and Lick,
1988; Spicer and Pratsinis, 1996; Xu et al., 2008). These studies showed that sediment
concentration and fluid shear enhance floc aggregation by increasing particle collision
frequency, but greater shear causes floc breakage (Fig. 1). Winterwerp (1998) introduced a
simplified model (hereafter, the Winterwerp model) tracking a characteristic floc diameter
(e.g., the median), making it more easily coupled to hydrodynamic models (e.g., Maggi,
2008; Son and Hsu, 2011; Winterwerp, 2002). The Winterwerp model includes the effects
of fluid shear and sediment concentration, but subsumes other factors into coefficients of the
aggregation and breakage rates. The model describes well the equilibrium size of flocculated
estuarine mud (Winterwerp, 1998) and flocs in saline laboratory experiments (e.g., Kuprenas
et al., 2018; Maggi, 2009; Son and Hsu, 2008). However, these models have yet to be
compared or adapted to freshwater rivers.

Here, we built on the Winterwerp approach to develop a semi-empirical process-based model
for mud flocculation in freshwater rivers. First, we proposed new forms for flocculation
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efficiency coefficients to explicitly cast floc diameter and settling velocity as functions of
physicochemical variables that prior work has shown are important for flocculation in
freshwater: turbulence, sediment concentration, sediment mineralogy, organic matter
concentration, and dissolved ion concentration (Fig. 1). Next, we calibrated the new model
against field data. We compiled a global dataset of river grain size-specific suspended
sediment concentration-depth profiles and inverted them for in situ settling velocity using
the Rouse-Vanoni equation (Lamb et al., 2020). Together with a river geochemistry data
compilation, we fitted the model to help explain the variance in floc settling velocities.
Finally, the results are discussed in the context of fluvial geomorphology, organic carbon,
tectonics, and climate.

- —Tlesg,— Water surface
Q 0,

height from bed

Figure 1. Schematic of a cross-section through a river water column illustrating
physicochemical processes operating at different scales that could be important for mud
flocculation in rivers. Key variables are turbulence (Kolmogorov microscale, 7),
volumetric mud concentration (Crm), sediment mineralogy (molar Al/Si of river suspended
sediment), organic matter concentration (fraction of sediment surface covered by organic
matter, 8), and dissolved species concentrations (relative charge density of river water, ®).
These variables affect the diameter, Dy, and settling velocity, ws fioc, Of flocs composed of
primary particles with diameter Dy.

2.2 Model Development
2.2.1 Winterwerp Model

Winterwerp (1998) proposed a flocculation model in which fluid shear drives particle
collisions and floc aggregation and breakage. The model casts the time rate of change of floc
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diameter, Dy, (or median Ds for a floc size distribution) as the difference of floc aggregation
and breakage rates:

dD;  k DN\ k D —=D,\*"™ (7,\
e d) (55 o
dt  ngm D, nen D, Ty

On the right-hand side of Equation (1), the first term is the floc aggregation rate, scaled by
the aggregation efficiency, ka (dimensionless), and the second term is the floc breakage rate,
scaled by the breakage efficiency, ke (dimensionless). The shear rate, G (s2), quantifies fluid
mixing and relates to the smallest turbulence length scale— the Kolmogorov microscale,

n =+/v/G (m), where v is the fluid kinematic viscosity (m? s) (Tennekes and Lumley,
1972). Greater fluid mixing and volumetric sediment concentration, C (volume
sediment/total volume; dimensionless), drive more frequent collisions of primary particles
with diameter D, (m) and thereby increase aggregation rate (Fig. 1).

Flocs break up if fluid shear is too high relative to floc strength, an effect that Winterwerp
(1998) expressed in Equation (1) using the ratio of fluid stress on the floc, 7, = p(v/n)?
(Pa), and floc strength, T, = F,/Df (Pa), where p is fluid density (kg m™). Fy is floc yield
strength (in terms of force) and has been estimated to be of order 10° N (Matsuo and Unno,
1981). Floc fractal dimension, n, € [1, 3] (dimensionless), describes floc structure assuming
it is approximately self-similar (Kranenburg, 1994). Floc structure can vary from a linear
string of particles (n; = 1) to a solid, compact particle (n; = 3). An average ny = 2 is
typical for natural flocs (e.g., Tambo and Watanabe, 1979; Winterwerp, 1998). In practice,
ni describes the relationship between floc diameter and floc density by Rf/Rg =

(Ds /Dp)nf ~ Where Ry is the floc submerged specific gravity (dimensionless) and Rs is the
submerged specific gravity of the primary particle sediment (dimensionless) (Kranenburg,
1994). Although the parameter j in Equation (1) is an empirical constant, Winterwerp (1998)
used j = 1/2 to ensure that floc settling velocity, floc diameter, and sediment concentration
are linearly related to each other based on estuarine floc data. We retained j as a fit parameter
to maintain generality.

2.2.2 Modifications to the Winterwerp Model for river flocs

We proposed changes to floc strength, and floc aggregation and breakage efficiencies to
adapt the Winterwerp model to rivers.

2.2.2.1 Floc strength

Experiments in freshwater have shown that, for constant Dy, floc settling velocity, Ws fioc,
increases with larger mixing rate due to an increase in floc density (Burban et al., 1990). This
behavior suggests that flow conditions during floc formation can affect floc strength, where
more porous and lighter flocs are weaker because they have fewer interparticle contacts and
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vice versa. Bache (2004) proposed that floc strength, 7,,, is a balance of local turbulent
kinetic energy per unit volume acting on the floc and the energy per unit volume required to

rupture the floc:
_ P (VY (&)2
=30 (n) n @

The power-law form of Equation (2) holds in general but the numerical constants apply for
small Dy /n (Bache, 2004).

2.2.2.2 Floc aggregation and breakage efficiencies

In the Winterwerp model, all contributions to flocculation outside of fluid shear and sediment
concentration are captured in the constant floc aggregation and breakage efficiency terms, ka
and kg, respectively. We investigated whether ka and kg in rivers depend on organic matter
concentration, sediment mineralogy, and dissolved ion concentration, as functions rather
than fit constants.

Organic matter can adsorb onto sediment surfaces and form connective “bridges” between
grains (Ruehrwein and Ward, 1952; Smellie and La Mer, 1958; Molski, 1989; Fig. 1). In
rivers, biogenic molecules like EPS can act as sticky media for bridging flocculation (Droppo
and Ongley, 1994; Gerbersdorf et al., 2008; Larsen et al., 2009; Lee et al., 2019). Smellie
and La Mer (1958) proposed a functional form of bridging flocculation efficiency,

ko kst o 8(1—6) (3)

in which @ is the fraction of the sediment surface covered by a polymeric substance. We used
Equation (3) and calculated & for organic matter (Section 3.3).

We accounted for sediment mineralogy using the molar elemental ratio Al/Si as a proxy
variable (Fig. 1). More intensely weathered rocks typically generate sediment with larger
Al/Si because chemical weathering produces Al-rich clay minerals (e.g., 1to and Wagali,
2017; Jackson et al., 1948; Lupker et al., 2012). Mineralogy can affect flocculation because
it determines the range of potential chemical interactions between particles through cation
exchange capacity (CEC) and therefore the ability to attract cations in solution (Mehta and
McAnally, 2008). Furthermore, cations can affect the ability of organic matter to adsorb to
particle surfaces and the physical orientation of adsorbed organic matter (Galy et al., 2008;
Mehta and McAnally, 2008). We used a simple power law model as a starting point,

k, < (Al/Si)41 (4)
kg < (Al/Si)Br (5)

where A: and B are dimensionless fit constants.
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Dissolved ions in river water might promote flocculation through the same mechanism as
salinity by boosting the effectiveness of van der Waals attraction between particles (e.g.,
Seiphoori et al., 2021; Fig. 1). To express ionic effects, we used a dimensionless parameter,
®, to quantify the relative densities of charges in solution and on the sediment
(Rommelfanger et al., 2020):

Al

¢ = CEC psL/2 (6)

in which the Debye length, A (m), is the average length from the particle in which an
electrostatic effect from the charged surface is sustained, | is the solution ionic strength
([number ions] m), CEC is the sediment cation exchange capacity ([number ions] kg™), ps
is sediment density (kg m™®), and L (m) is a grain length scale that is nominally the face length
of a plate-shaped clay particle, which we set to D,,. Physically, ® quantifies the ionic strength
of river water relative to the ionic strength in a volume surrounding primary particles. As @
increases, the positive charge in the water within the Debye length overcomes the negative
charge on the sediment surface and causes attraction between nearby sediment grains
(Rommelfanger et al., 2020). We proposed power-law relations as starting points to relate @
and the flocculation efficiencies:

ky < @42 (7)

kg < ®B2 (8)
where Az and B> are dimensionless fit constants.
2.2.3 River floc model

We substituted Equations (2) — (8) into Equation (1) to derive a modified semi-empirical
model for floc diameter, Dr.

dDy _ kab(1—O)(AVSD 0% Dy s
dt nen? 4 D,

_ kp(AUS)P1 0P . (Pr = Do 3y n 2J ©
6(1 — 6)nen? s D D¢

p

in which kj, and kg are new dimensionless constants that absorb all constant dimensionless
parameters related to floc aggregation and breakage, respectively. At dynamic equilibrium,
the time derivative of D vanishes, resulting in

-q(3-ny)
D; = kn(CH2(1 — )2) (AlSI)" ®° <1 _ D—”) (10)
f
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in which k= (kp/k)V®), q=-1/2)), r=B,—A4,)/12j), and s=
(B, — A3)/(2j). We consolidated the unknown dimensionless coefficients and variables
into the coefficient k and exponents g, r, and s. Dr appears on both sides of Equation (10), so
we simplified the equation by assuming that Dy >> D,,:

Dy = kn(CO%(1 — 6)?)9(AUS)"®° (11)

The assumption Dy > D,, makes Dr independent of Dy in Equation (11) and implies a model
domain of validity of intermediate fluid shear such that Ds does not converge to Dp. We
validated the assumption through analysis of our field data compilation (Section 4.1). The
equilibrium Ds model is plausible in rivers because experiments and field studies have shown
the time scale for unsteady floc behavior to reach equilibrium in river conditions is typically
on the order of tens of minutes to hours, and most dynamic river processes (e.g., floods) have
longer time scales (e.g., Bungartz et al., 2006; Garcia-Aragon et al., 2011).

Floc settling velocity, wsrioc, relates to Dr using an adaptation of the Stokes settling law for
flocs (Strom and Keyvani, 2011; Winterwerp, 1998) as

-1
_ RsgDj (Dp\" 1
Ws floc = LV D_p ( )

Substituting Equation (11) into Equation (12) yields a model for ws ioc

3 R:gD, [

Tlf—l
Wi floe = le (€621 — H)Z)Q(Al/Si)rtbsl (13)

1V P
Flocs have irregular shapes and variable porosity which complicate the relationship between
floc diameter and settling velocity (van Leussen, 1988). In Equation (13), the effects of floc
shape and porosity on ws fioc are captured in the dimensionless parameters c; and ns. We held
them constant atc; = 20 (Strom and Keyvani, 2011; Winterwerp, 1998) and ny = 2
(Kranenburg, 1994; Tambo and Watanabe, 1979). Combining these assumptions with
Equation (13) yields

S

R,gD
Ws, e = — Ov” kn(COZ(1 — 0)2)I(AUSI) @S (14)

Equation (14) demonstrates that different c, values do not affect model calibration because
model fitting absorbs multiplicative constants into the prefactor k. However, different ns
values affect model calibration because Equation (13) depends nonlinearly on n¢, an effect
we explored in sensitivity tests (Section 4.2).

2.3 Field Data Methods



17
2.3.1 River suspended sediment concentration-depth profiles

We compiled a dataset of grain size-specific suspended sediment concentration-depth
profiles containing 122 profiles from 12 rivers distributed globally (Table S1). We targeted
datasets with suspended sediment concentration for multiple heights in the water column,
laser-diffraction grain size analysis, water depth, and boundary shear velocity data. We used
datasets analyzed by de Leeuw et al. (2020) and Lamb et al. (2020), and included additional
datasets (Abraham et al., 2017; Baronas et al., 2020; Bouchez et al., 2011a; Bouchez et al.,
2012; Bouchez, 2022; Dingle, 2021; Dingle et al., 2020) (Table S1).

Having a detailed grain size distribution for each suspended sediment sample is vital because
it permits the construction of concentration-depth profiles for every grain size class (denoted
1). We refer to these profiles as grain size-specific concentration-depth profiles. In other
words, a single profile of suspended sediment samples yields as many grain size-specific
concentration-depth profiles as there are measured grain size classes. We took advantage of
grain size data to fit the Rouse-Vanoni equation and invert for in situ settling velocity as a
function of the measured grain size (Fig. 1). The measured grain sizes are those of
unflocculated sediment (i.e., the primary particles) because size distribution measurements
were made after dispersing the sediment (e.g., Baronas et al., 2020).

The Rouse-Vanoni equation is

.
h—z\"'

Ci(z) = Cbi h —Zhb (15)

hy,

in which the volumetric sediment concentration for the i grain size class, Ci, is a function
of height from the bed, z, water depth, h, and a near-bed concentration, Cui, specified at a
near-bed height, z = hy, (Rouse, 1937). The Rouse number (dimensionless) is p; =
wg;/(B;ku,) in which k = 0.41 is the von Karman constant (dimensionless), u, (m s?) is
the boundary shear velocity, ws (m s2) is the sediment settling velocity, and £ is the ratio of
sediment and fluid diffusivities (Rouse, 1937) where i indexes the grain size class. Following
de Leeuw et al. (2020) and Lamb et al., (2020), we fitted Equation (15) to the compiled grain
size-specific concentration-depth profiles to estimate Cy and p for each grain size class. We
estimated pi and Cyi (at z = h;, = 0.1h) from fitting the log-transformed Equation (15) using
ordinary least squares regression. We computed the 68% confidence intervals on the fitted p;
from the regression and discarded profiles in which the lower confidence bound on pi is
negative because these profiles do not follow Rouse-Vanoni theory for unknown reasons
(e.g., non-equilibrium sediment transport, sampling and/or measurement errors).

We needed to specify u, and i to estimate the grain size-specific in situ settling velocity,
wsi, from the fitted value of pi. We used u, reported in the original data sources, which were
measured concurrently with suspended sediment samples and typically calculated by fitting
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flow velocity profiles measured using an acoustic Doppler current profiler to the law of
the wall (e.g., Wilcock, 1996). £ is a major unknown in calculating settling velocities from
fitted Rouse numbers (e.g., de Leeuw et al., 2020). Empirically, £ is commonly found to
increase with w,/u, (de Leeuw et al., 2020; Graf and Cellino, 2002; Santini et al., 2019; van
Rijn, 1984). S < 1 corresponds to greater sediment concentration stratification compared to
S =1, which could result from turbulence damping due to suspended sediment-induced
density stratification (Graf and Cellino, 2002; Wright and Parker, 2004; discussion in de
Leeuw et al. 2020). The reasons for > 1 are less clear, but might be linked to enhanced
mixing from bedform-generated turbulence (Graf and Cellino, 2002) or the high vertical
concentration gradient of fast-settling particles promoting sediment diffusion relative to eddy
diffusion (Smith and McLean, 1977).

We followed de Leeuw et al. (2020) and empirically fitted functions for gi using only
suspended sand because we assumed sand was unflocculated and settled in situ at theoretical
settling velocities. To calculate theoretical sand settling velocities, we used the Ferguson and
Church (2004) model [i.e., wy = (RsgD?)/(c1sanaV + 4/0.75¢2 anaRsgD?) With ¢; g =
20 and ¢ ang = 1.1], which follows Stokes law for small particles and accounts for inertial
affects for large particles. We calculated fi using these theoretical sand settling velocities,
u,, and the fitted p;. We found values of i and wy; /u, that agree with previously proposed
relations for B (w,/u,) (Fig. 2). Next, we calibrated the power-law equation g o« (w/u,)*
on the sand data within each concentration-depth profile, resulting in a fitted equation for
each concentration-depth profile. The median coefficient of determination of the fits is 0.88,
indicating a good fit. We assumed that the profile-specific functions g; = B(wg;/u.),
calibrated on the sand data, were valid for the mud data and extrapolated the fitted pi
functions to calculate wsi for the mud size classes (Lamb et al., 2020). We did not explicitly
account for the potential effect of hindered settling because 93% of concentration-depth
profiles analyzed had mud concentration < 5% solids by volume for which hindered settling
and density-induced stratification are not expected to be important (Gratiot et al., 2005).
However, if hindered settling affected the data, it is implicitly included in our fit values of fi.
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Figure 2. Sediment-fluid diffusivity ratio, 8, as a function of settling velocity-shear
velocity ratio, wg/u,, for sand (diameter, D > 62.5 um) in our concentration-depth profile
compilation. Trend line was computed using local polynomial regression. Function
abbreviations are VR: van Rijn (1984); GC: Graf and Cellino (2002), their model without
bedforms and using a constant median ratio of water depth and bed grain size; S: Santini
et al. (2019); DL: de Leeuw et al. (2020), their best-fit one-parameter model for Rouse
number.

2.3.2 Extracting river floc data

We inferred floc settling velocity, wsioc, by examining the relationship of particle diameter,
D, and the in situ settling velocity, ws, calculated from fitting the Rouse-Vanoni equation to
the concentration-depth profile data. We found good agreement between the Rouse-
estimated and predicted settling velocities for sand, but a continuous transition to a settling
velocity plateau larger than the theoretical predictions for coarse silt and clay (Fig. 3). We
attributed the elevated settling velocity of coarse silt and clay to flocculation (Lamb et al.,
2020). We found a best-fit two-part piecewise function to quantitatively describe these two
settling regimes for each concentration-depth profile (Fig. 3; see Text S1 for details on the
fitting method). We termed the diameter at the regime transition the floc cutoff diameter, Dy,
and interpreted all sediment finer than D; to be flocculated with a constant wssoc for each
concentration-depth profile (Lamb et al., 2020; Fig. 3).
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Figure 3. Example of the fitting procedure to estimate floc cutoff diameter, Dy, floc settling
velocity, Wsioc, and primary particle diameter, Dy, for a single concentration-depth profile.
Each data point represents a single grain size-specific concentration-depth profile. Error
bars represent 68% confidence intervals of the linear regression fit to Equation (15). The
dashed lines indicate the 68% confidence intervals for wsfioc and Dx.

Next, we computed the floc settling velocity, wsfioc, and primary particle diameter, Dp, from
the flocculated data (D < D). We computed ws ioc @S the mean in situ settling velocities for
D < Dy (Fig. 3). This method is oversimplified because it implies that all sediment in a given
size class for D < Dy was flocculated and settling at the same rate. In reality, some sediment
might not have been flocculated and there was likely a distribution of floc sizes and settling
velocities in situ (Osborn et al., 2020; Osborn et al., 2021), but these distributions cannot be
constrained by our data. We also cannot constrain floc structure and the size distribution of
the primary particles in individual flocs (e.g., a floc composed of mostly clay might have the
same settling velocity as a smaller floc composed of coarse silt with finer sediment bound to
its surface). Dp might vary with depth, so we calculated Dy as the median grain size for D <
Dt using the depth-averaged concentration of each grain size class as relative weights (Fig.
3). We propagated uncertainty to find the 68% confidence intervals for wsioc and Dx (Fig. 3;
Text S1). Some profiles had data gaps because of the data quality filtering (Section 3.1). We
discarded concentration-depth profiles in which Dt was in a data gap greater than one order
of magnitude in D. 96 concentration-depth profiles, or about 79% of the initial profiles,
remained after this filtering.

We estimated floc diameter, Dy, from the floc cutoff diameter, Dt. Dy, can be interpreted as
the diameter of unflocculated grains that settle at the same rate as flocs (Fig. 3). Therefore,
Stokes law for unflocculated particles applied to Dx results in
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R,gD?
Ws,ﬂoc= SCth (16)

Combining Equations (12) and (16), we found

2

Dy \nr—1
Df =Dy | 3= (17)
14

We used Equation (17) with n, = 2 to calculate Dr. We then combined Equations (11) and
(17) to derive a model for Dt:

D, = k(nD,)""*(C62(1 — 0)1)3(AUS) ®° (18)
2.3.3 Estimating other variables

We used the depth-averaged volumetric mud concentration, Cn, as the representative
sediment concentration in the model (Equations 11, 14, and 18) because we expect
flocculation to mainly occur within mud. We found the model goodness-of-fit to be
insensitive to the choice of total or mud concentration because they are correlated. We chose
typical values for river water density, p = 1000 kg m™, sediment density, ps = 2650 kg m=,
and kinematic viscosity of water, v = 10°® m? s, We calculated the Kolmogorov microscale

using n = [(chzv®)/(u3 (h — 2))]""* for open-channel flow (Nezu and Nakagawa, 1993).
The near-bed (at z = h;, = 0.1h) and depth-averaged # did not vary significantly from each
other (within a factor of about 2), so we used the near-bed 7 in our calculations.

Most data sources for the concentration-depth profiles do not have the requisite geochemical
measurements to evaluate the floc model. To supplement, we compiled river geochemistry
data from other sources for the same rivers (Table S2). We matched geochemical
measurements to each profile by finding the closest measurements in terms of geographic
distance and time of year, weighted equally. The median deviations of the concentration-
depth profiles and matched geochemical measurements in time and space are about 4 days
and 22 km (or about 54 channel widths). Although these sources of error are difficult to
quantify, they should be considered together with the results.

Al/Si is commonly measured for suspended sediment samples, but almost all Al/Si values
are measured in bulk without grain size distinction. We compiled and used bulk suspended
sediment Al/Si measurements for fitting the model.

We compiled measurements of percent weight organic carbon of suspended sediment
samples to estimate 6, the average fraction of sediment covered by organic matter. We
assumed cellulose organic matter composition (molar ratio C:H:O of 6:10:5) because it is the
most abundant organic compound in the terrestrial biosphere (e.g., Brigham, 2018). We



22
converted measured percent weight organic carbon into percent weight organic matter as
cellulose, %0OM, using molar mass ratios. Although organic matter usually adsorbs onto
sediment in irregular patches (e.g., Ransom et al., 1997), we assumed for simplicity that the
volume of organic matter, Vowm, is hosted uniformly on the surface of spherical grains with
diameter Dp in a shell with volume Vshen and thickness 6. With these assumptions, we
obtained

Ps n3
%OM/100)-—=D
9 — VOM — ( ° / )pOM P (19)
Vahell (D, + 26)3 -D;

We assumed neutrally-buoyant organic matter, poy = 1000 kg m3, and § =107 m
(Barber et al., 2017; Hackley et al., 2017). Measurements of & for river suspended sediment
are unavailable, so we chose ¢ to obtain & consistent with 8 ~ 0.15 for marine sediment (Bock
and Mayer, 2000; Mayer, 1999).

To estimate relative charge density, ®, we compiled major ion concentrations in rivers
(cations: Na*, K*, Ca%*, Mg?*; anions: HCOs", SO4%, CI). We calculated the ionic strength,
l, using dissolved ion concentration measurements as I = 0.5Y,; ¢;z? in which c; is the
concentration of the ith ion ((number ions) m=) and z; is its charge number. We calculated
the ion concentration using charge balance for cases in which one ion was missing. The
Debye length, 4, is expressed as:

Koo T 1/2
/1=< €o€ripMm ) (20)

2,2
2ez cation>cation

/ is a function of vacuum permittivity, eo (=8.854x107'2 F m™"), dielectric constant of water,
e (dimensionless), Boltzmann constant, kem (=1.381x10% J K1), water temperature, T (K),
elementary charge magnitude, e (=1.602x10"'° C), cation charge number, Zcation, and cation
concentration, Scation (Rommelfanger et al., 2020). We assumed T = 15°C if it was not
reported. We used a temperature-dependent formula to compute - (Owen et al., 1961). Since
concentration and charge vary by cation, we calculated 1/(antion«/5cation) as the mean
over the cations weighted by relative concentration. Due to data gaps, we estimated sediment
CEC (mol kg™) from the percent clay of the depth-averaged concentration for each profile
using (Ersahin et al., 2006)

CEC = (4.97 + 0.53 %clay) /100 (21)
in which %clay is the percentage by weight of the total suspended sediment concentration
with particle diameters smaller than 2 pm. Equation (21) assumes grain size is a suitable

mineralogy proxy to compute CEC.

2.4 Results
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2.4.1 Floc and physicochemical parameters

Results for mud demonstrate an orders-of-magnitude departure of in situ settling velocities,
inferred from concentration-depth profile fitting, from predicted settling velocities of
unflocculated mud (Fig. 4a). Physically, faster mud settling velocity causes a more stratified
suspended mud concentration-depth profile (Fig. 4b). For example, the Rouse-Vanoni
equation predicts particles with Dp = 2 [Im should be nearly uniformly mixed in the water
column. However, the data show similar stratification between mud and sand profiles (Fig.

4b). We interpreted elevated mud settling velocities as a signature of mud flocculation (Lamb
et al., 2020).
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Figure 4. (a) Settling velocity as a function of particle diameter using the Rouse-Vanoni
equation method for all compiled suspended sediment concentration-depth profiles. Each
data point represents a single grain size-specific concentration-depth profile. Ferguson and
Church (2004) shows theoretical settling velocity for unflocculated particles, and follows
Stokes law for small particles (D < ~10*m). Error bars represent 68% confidence intervals
of the linear regression fit to Equation (15). (b) Example suspended sediment
concentration-depth profiles (Moodie et al., 2020) with fitted Rouse-Vanoni equation
curves. The dashed lines about each curve mark the 68% confidence interval range.

We estimated the floc cutoff diameter, Dy, primary particle diameter, Dy, floc diameter, Dy,
and floc settling velocity, wssioc, for each concentration-depth profile using our piecewise
function fits in D-ws space (summarized in Table 1). The medians indicate that suspended
sediment in rivers with diameter smaller than Dt = 39 um (half the interquartile range, IQR/2
=22 um) is flocculated into aggregates with diameter Ds= 130 pum (IQR/2 = 100 um), settling
rates of Wsfioc = 1.8 mm s (IQR/2 = 1.7 mm s), and primary particle diameter of Dp = 12
um (IQR/2 = 4.5 um). The estimated wsgioc and Dy indicate a median floc density of pfioc =
1100 kg m (IQR/2 = 160 kg m™) using Equation (12). As expected, the proc estimates are
much smaller than the mineral sediment density (ps = 2650 kg m™) because flocs contain
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lighter organic matter and pores. We found D,, /Dy = 0.097 (IQR/2 = 0.057), resulting in a
negligible difference between Equations (10) and (11) and justifying the assumption of Dy >>
D, in the model derivation (Fig. 5).

Our finding of Dy =39 um is similar to the finding of D¢ =40 um by Lamb et al. (2020) even
though they used a different method to calculate gi. Tests with different 5 formulations also
demonstrate limited effect on wsi and yield the same general pattern of in situ settling velocity
versus particle diameter (Text S2; Fig. S1). Although in situ river floc data are rare, Osborn
et al. (2020) deployed an in situ camera in the Mississippi river and observed flocs with Ds
of 70 to 130 pum, a range also consistent with our Dr estimates.

The Kolmogorov microscale, #, has been proposed as an upper bound on floc diameter, Dy,
because flocs can be efficiently broken by turbulence once they grow to the size of the
smallest eddies (e.g., Kuprenas et al., 2018; Tambo and Hozumi, 1979; van Leussen, 1988).
We found a narrow range of # in our compilation with a typical value of 200 um (Fig. 6a).
Dr estimates are typically of the same scale or smaller than #, indicating that # might limit Ds
(Fig. 5). However, the data suggest that floc size is not strictly turbulence-limited and can
increase beyond # (36% of the data), perhaps due to other physicochemical factors that can
be explained by the model (see discussion in Section 4.3) and/or uncertainties in calculating
D (Equation 17; Section 4.2). Conversely, the cases in which Dr is smaller than  motivate
examining effects of sediment concentration and mineralogy, organic matter, and water
chemistry on flocculation (Section 4.2).
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Figure 5. Boxplots of length scales: Kolmogorov microscale, #, floc diameter, Dy, floc
cutoff diameter, Dy, and primary particle diameter, Dy, from the data compilation. The
lower and upper sides of the boxes indicate the 25" and 75" percentiles, respectively. The
whiskers extend 1.5 times the interquartile range below and above the lower and upper
sides, respectively. Data beyond the whiskers plot as outlying points.

Table 1. Median values of parameters estimated from our data compilation. We used half
the interquartile range (IQR/2) as a robust measure of spread.
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Variable Median IQR/2
Floc cutoff diameter, Dt (um) 39 22

Floc settling velocity, Wsfioc (MM s7) 1.8 1.7

Floc diameter, Ds (um) 130 100
Primary particle diameter, Dy (um) 12 4.5

Floc density, prioc (kg M) 1100 160
Kolmogorov microscale, 7 (um) 170 26
Depth-averaged mud volumetric concentration, Cr | 4.8x10™ 5.1x10*
Fraction of sediment surface covered by organic | 0.070 0.039
matter, 0

Suspended sediment Al/Si [molar ratio] 0.23 0.081
Relative charge density, © 3.1x10° 3.5x10°
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Figure 6. Boxplots of model input variables classified by river. Boxplots that appear as a
horizontal line segment contain only a single data point. River names are ordered by
increasing drainage area at the sample collection point, measured using HydroSHEDS
digital elevation data (Lehner et al., 2008). Amazon basin rivers are plotted separately in
order of increasing drainage area.

2.4.2 Floc Model Calibration
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We used sediment Al/Si, depth-averaged volumetric mud concentration, Cm, fraction of
sediment surface covered by organic matter, 6, relative charge density, ®, and primary
particle diameter, Dp as independent variables to calibrate the model (Fig. 6). Sediment Al/Si
ranges from 0.2 to 0.5 (molar ratio) and generally increases with river drainage area (Fig.
6b)—a pattern that could reflect production of more Al-rich clay minerals with progressive
silicate weathering downstream (e.g., Lupker et al., 2012; West et al., 2005). Depth-averaged
volumetric mud concentration, Cr, varies widely across rivers on the order of 10° to 1023, a
range that likely reflects regional variation in catchment lithology, sediment supply, and
transport capacity (Figure 6c). The fraction of sediment surface covered by organic matter,
0, 1s typically close to 0.1 (Figure 6d). The relative charge density, @, largely varies between
10° and 10* for our data compilation (Figure 6e) and is a function of weathering
contributions to river water ion concentration and electrostatic properties of sediment.
Primary particle diameter, Dy, generally decreases with drainage area (Fig. 6f), consistent
with downstream grain size fining due to sorting and abrasion (Paola et al., 1992).

We fitted the floc diameter, settling velocity, and cutoff diameter models (Equations 11, 14,

and 18) to our Dy, Wsiioc, and Dy estimates, respectively (Fig. 7; Table 2). The calibrated
models with best-fit parameters are:

D, = 0.134(31D, ) * (€62 (1 — 6)2)00734(Al/Si) 07740180 (22)

R,gD
W, floc = ;‘ZV” 0.3067(C,,02(1 — 0)2)0167 (Al/Si) 21500358 (23)

Dy = 0.01807(C,62(1 — 8)2)°147 (A/SI) 1550360 (24)

The majority of the profiles in our compilation was sampled in lowland alluvial rivers, so
application of the calibrated model is most appropriate for those settings. The high model
goodness-of-fit supports the equilibrium floc assumption in the model (Fig. 7; Table 2).
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Figure 7. Comparison of the calibrated model for floc cutoff diameter, D: (panel a), floc
settling velocity, wsoc (panel b), and floc diameter, Dr (panel c). The central line is 1:1,
and the bounding lines indicate the average factor of 1.7, 2, and 2.5 deviation of model
values from the data for Dy, wsiioc, and Dy, respectively. Vertical error bars represent the
propagated 68% confidence interval. Horizontal error bars represent the standard error
range of modeled values.

Table 2. Fitted parameters in the floc model. The uncertainties indicate the 95%
confidence intervals from an ordinary least squares regression fit. The values in
parentheses indicate the lower and upper confidence intervals for k because the interval is
asymmetrical.




29

Floc cutoff diameter | Floc settling velocity | Floc diameter model
model (Equation 18) model (Equation 14) (Equation 11)
Dt 12 Ws,Rﬂoc D Df X
= k(nD Cn02(1 _ sgY 2 = kn(Cn6°(1
- 9)(;’)"1&1/;1)?4:5 N NOae — 0 1(AS)®?
— 6)%)9(Al/S))" DS
k | 0.134 (0.0320, 0.561) 0.306 (0.0131, 7.17) 0.0180 (1.02x1073, 0.315)
q | 0.0734 £ 0.0449 0.167 + 0.0989 0.147 + 0.0898
r | -0.774 £ 0.409 -2.15+0.900 -1.55+0.818
s | -0.180 + 0.126 -0.0358 + 0.278 -0.360 + 0.253

Although the three models are dependent, we fitted the regressions independently of each
other because the Dy, Ws fioc, and D models each include different assumptions. The Dy model
is the most direct evaluation of the proposed model parameters because we directly estimated
D: from the concentration-depth profiles (Figure 3) and it is independent of ¢, (Equations 17
and 18), yielding the highest goodness-of-fit among the models (coefficient of determination,
R? = 0.683; root mean square error, RMSE = 26.85 pum). We assumed ny = 2 to derive the
Dt model (Equation 17), but model calibrations with different choices of constant ns show
that ns has a negligible effect on overall goodness-of-fit and minimal effect on calibrated
model exponents (Text S3; Fig. S2). Similar to Dy, we estimated wis fioc directly (Figure 3) and
assumed ns = 2 to derive the model (Equation 14). But, in addition, we assumed a constant
c1 = 20 (Ferguson & Church, 2004; Strom & Keyvani, 2011) to derive the wsfioc model
(Equation 14), leading to a reduction in the goodness-of-fit (R?> = 0.605; RMSE = 2.02 mm
sy compared to the D¢ model. In contrast to the direct Dt and Wsioc estimates, Dr was
calculated from ws fioc OF Dt. We assumed ns = 2 to calculate Ds from Dy (Equation 17), causing
a relatively large drop in goodness-of-fit (R =0.353; RMSE = 227.3 um) relative to both the
Dt and wssioc models despite the fact that the D model is independent of c1 and nf (Equation
11). The differences in goodness-of-fit between the three models indicate the importance of
constraining c1 and ns, which depend on floc shape and structure (Maggi et al., 2007; Strom
and Keyvani, 2011). We calculated the ratio of model predictions and data and took quantiles
at 16%, 50% (median), and 84% to characterize the deviation of predictions from the data.
We computed quantiles of this ratio at {0.61 (16%), 1.1 (50%), and 1.4 (84%)} for Dy, {0.47,
1.0, and 2.2} for wsiec, and {0.37, 1.2, and 2.0} for Dr. These results show that the model
explains the data within factors of about 1.7 for Dy, 2 for wsioc, and 2.5 for Ds (Fig. 7).

All model exponents (g, r, and s) are significantly different than 0 according to the 95%
confidence interval (0.05 significance level) except for the exponent of ® in the Ws fioc model
(Table 2). The reason for the statistical insignificance of @ in the wsfioc model is unclear, but
might be related to errors in assuming constant c; or in matching geochemical measurements
to the concentration-depth profiles. The statistical significance of the remaining parameters
supports the hypothesis that organic matter, sediment concentration and mineralogy, water
chemistry, and turbulence are important predictors of floc properties in rivers.
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2.4.3 Floc model dependencies and interpretation

To isolate the effect of individual parameters on floc settling velocity, we plotted each
parameter against the wsgoc data normalized by all other model terms (Fig. 8). We also
divided by the median for each normalized quantity to provide comparable scales. The gross
trends between individual parameters and wsioc are similar to those for D¢ and Ds (Fig. S3
and S4).
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Figure 8. Individual parameters plotted against floc settling velocity, wsgioc, data
normalized by the effects of all other predictors in the fitted ws fioc model (Equation 23). In
all panels, the solid line, labeled in panel a, indicates the fitted relationship (Table 2). In
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panel b, the dashed line is the prediction from the equilibrium Winterwerp model. Error
bars represent the propagated 68% confidence interval.

The Kolmogorov microscale, #, expresses the effect of turbulence on flocs and is predicted
to have a positive linear relationship with ws fioc and Dr (Fig. 8a; Fig. S4a; Winterwerp, 1998).
We tested the plausibility of the relationship between (normalized) ws fioec and # (e.g., the trend
in Fig. 8a) using regression F-tests of the linear relation and an alternative power-law
relation. We found a statistically significant linear relationship between normalized ws fioc and
n (p-value = 6.0x10%) and a statistically insignificant power-law relationship (p-value =
0.37). The linearity between Ds and # agrees with the steady-state equilibrium form of the
Winterwerp model (Kuprenas et al., 2018; Winterwerp, 1998).

Mud concentration, Crm, displays a positive sublinear trend with wsfoc (exponent = 0.167 *
0.0989; Figure 8b) in contrast to the linear trend predicted by the equilibrium model of
Winterwerp (1998). The equilibrium Winterwerp model predicts a linear trend between
sediment concentration and floc settling velocity because greater sediment concentration
results in proportionally greater interparticle collisions. However, there is a different scaling
relation in our model because we allowed the exponent j, which controls the importance of
floc strength on the floc breakup rate, to vary (Equations 10 and 11). Inspecting Equation
(11), linearity between Cr and wsfiec 0ccurs only when j = -0.5, or Dr o (zy/7)*°, while our
calibration indicates that j = -2.99, or Ds « (z/z)>%°, which in turn reveals (z,/z)>% o« (Din)
21=2299=59 Thus, our calibrated model indicates that the floc breakage rate becomes very
large when Ds > y—much more so than in the Winterwerp model. This finding is consistent
with the limiting effect of # on floc size proposed by Kuprenas et al. (2018). But in contrast
to their work, our model does not feature a built-in turbulence limit. Rather, Ds can exceed
n, but the rapid breakage rates for large flocs make D, >> 7 less likely. In our equilibrium
model, the strong dependence of Ds on n effectively reduces the strengths of dependency on
the other input variables. In the case of Cn, fluid shear stresses inhibit the efficiency of
sediment concentration to drive floc growth. Thus, although the aggregation rate still depends
linearly on Cr, in our model, we found a sublinear dependence on C, for floc diameter and
settling velocity.

Organic matter affects flocculation through the fractional cover of organic matter on the
surface of sediment grains, 6, according to the function (6%(1- 6)?)? with an exponent, q =
0.167 + 0.0989, identical to that of Cm (Figure 8c). The shared exponent, g, indicates an
analogous interpretation: turbulence can promote floc breakage and disrupt the ability of
organic matter to facilitate bonding between particle surfaces. Most data display € < 0.5, a
regime in which the function 6(1- ) increases with é. In this domain, the model predicts that
increased loading of organic matter promotes larger ws fioc because the areas of bare sediment
and organic matter become more comparable for binding. The positive sublinear exponent
implies that increasing organic matter coverage on sediment causes a much larger
enhancement of floc size at low 8 compared to high & (but still less than 0.5). Thus, the
addition of even small amounts of organic matter to an organics-poor system can trigger an
appreciable flocculation response, consistent with experiment results (Zeichner et al. 2021).
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The model predicts a reverse effect for organics-rich systems, but the sparsity of data for
6 > 0.5 precludes confirmation of this behavior.

Sediment Al/Si shows a decreasing trend with ws fioc (€Xponent r =—2.15 + 0.900; Figure 8d).
The negative relationship with Al/Si is surprising because Al/Si is typically treated as a clay
abundance proxy and clay is expected to be the grain size fraction most susceptible to
flocculation (e.g., Mehta and Partheniades, 1975; van Leussen, 1988). Equation (10) shows
that » = (B, — A1)/ (2j) where A; and By are the respective power-law aggregation and
breakage exponents (Equations 4 and 5). We found j=-2.99, r =—2.15, and hence B1—A; =
12.9, which indicates that the negative trend between Al/Si and wsgoc OCccurs because the
breakage rate exponent exceeds the aggregation rate exponent (B1 > A1). We expect that A;
Is positive because Al/Si is correlated with higher clay mineral abundance, and clays with
stronger surface charges promote flocculation (Mehta and McAnally, 2008; van Olphen and
Hsu, 1977). If A1 > 0, then our analysis implies that B1 > 12.9. In other words, the floc
breakage rate is increasingly sensitive to Al/Si at greater values of Al/Si. We speculated two
explanations. First, Equation (16) shows that wy g, o DZ, suggesting that the inclusion of
progressively coarser sediment into flocs has a strong control on increasing floc settling
velocity and vice versa. Clay might flocculate more readily than coarser sediment because it
is more cohesive, so greater clay abundance (correlated with greater Al/Si) might cause clay-
rich flocs and exclude coarser grain sizes (smaller D) thus reducing floc settling velocity.
For a given floc size, flocs composed of smaller, high Al/Si primary particles must
necessarily have more interparticle contacts and thus may be more fragile and prone to
breakage in a turbulent fluid. We found evidence for this idea in the fact that (normalized)
floc cutoff diameter varies inversely with Al/Si, indicating coarser grain sizes were
increasingly excluded from flocs at higher Al/Si (Fig. 9a).

" a Dt oc AISI®T4| [ b Dy oc 0180

(&)}
X
-
o
o
|
L

l.*‘++ ¥ . -

normalized floc cutoff diameter
"
o

-

o
[=]
1

— -
- I .- .-
= m | —am— "

- - EmEE

i
iy
+* r] !-

n
J [
fitted model

lll(lli

1'

P |

'E,'p”h .,
h+HL'.*m'-‘ﬂ _*;. +
v T

020 025 030 035 0.40
sediment mineralogy, Al/Si

u
107

1 I | ] ! 1 1 1 I
10
relative charge density, ®




34
Figure 9. Sediment Al/Si (panel a) and relative charge density ® (panel b) plotted against
floc cutoff diameter, Dy, normalized by the effects of all other predictors in the fitted Dy
model (Equation 18). The normalized values were further scaled by dividing the median
to better compare each variable. In all panels, the solid line, labeled in panel a, indicates
the fitted relationship (Table 2).

A second possible reason for the greater sensitivity of floc breakage to larger Al/Si could be
tied to the prevalence of a flat orientation of adsorbed organic matter on sediment. This
orientation might be common in sediment with high specific surface area, like high Al/Si
clay, because they have more adsorption sites to increase the chance of organic matter
adsorbing to multiple sites on the same grain. However, a flat orientation is less effective for
flocculation due to the lower probability of organic matter interacting with nearby particles
(Gregory, 1978; Healy and La Mer, 1962). Thus, clay might have diminished sensitivity of
floc aggregation to Al/Si (smaller A;) and weaker floc structure (larger B;). A flat orientation
might also be less effective at capturing and retaining larger grains in flocs. Polymer
chemistry and structure could also play a role by setting the binding strength to surface sites
through mineralogy-specific interactions (Furukawa et al., 2014; Hemingway et al., 2019;
Zeichner et al., 2021).

The relative charge density, @, displays a negative correlation with Wsfioc (EXponent s =
—0.0358 £ 0.278; Figure 8e). This relationship opposes the conventional idea that greater
salinity enhances flocculation (e.g., Mehta and McAnally, 2008; van Leussen, 1988). The
exponent on @ is defined as s = (B, — 4,)/(2j) (Equation 10) where A, and B, are the
respective power-law aggregation and breakage exponents (Equations 7 and 8). Similar to
the rationale for interpreting Al/Si, we estimated j = —2.99 so we must have B, > Azx. We
again expected A, > 0 because greater ionic strength and @ typically increase the ability of
van der Waals attraction to aggregate sediment grains in the perspective of salinity-driven
flocculation (Mehta and McAnally, 2008; Seiphoori et al., 2021). Assuming A2 > 0, we have
B2 > 0.21. Although flocs are more sensitive to breakage with increasing salinity only if B, >
1, we expected that B, indeed exceeds 1 because B, > 1 is consistent with the Dt and D
models where the estimated s is statistically-significant. We propose that salinity could have
similar interactions as Al/Si on floc size and settling velocity. First, greater ionic strength
should primarily affect the flocculation of clay, on which negative surface charges are
concentrated compared to coarser grain sizes. However, the bulk of mud in rivers is silt, for
which ionic effects should be weaker (Table 2). Thus, larger ® might preferentially flocculate
clay, rather than silt, leading to more fragile flocs with a greater number of contact points.
The inverse relationship between D¢ and @ is consistent with clay enrichment by excluding
coarser silt from flocs at larger @ (Fig. 9b). Second, higher ® could affect the physical
organic matter orientation and organic matter binding capacity on sediment (e.g., through
competition of ions and organic matter for binding sites on sediment surfaces).

In summary, the model calibration reveals that, out of the fitted parameters, D, Ws fioc, and D
in rivers are most sensitive to sediment Al/Si and relative charge density, @, because their
exponent magnitudes are largest (Table 2). This fact should not be interpreted to mean that
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Cmand @ are less important mechanistically for flocculation because these variables might
be correlated, a possibility that is masked in our calibration. The model also depends on 7 to
a relatively large positive power (0.5 for Dy; 1 for wstioc, and Dr) based on theory.

2.5 Discussion

Our results show that mud flocculation is widespread in rivers from geographically diverse
regions spanning heterogeneous catchment lithologies and climates. Here we considered
how flocculation might interplay with mud transport kinematics, channel morphology,
organic carbon, tectonics, and climate.

2.5.1 Mud transport kinematics

Flocculation in rivers greatly increases mud settling velocity up to orders-of-magnitude
larger than rates for individual particles (Fig. 4a). The total range of observed floc settling
velocities is likely set by the primary particle diameter and Kolmogorov microscale. The
minimum floc settling velocity simply occurs in the limit of increasingly fewer primary
particles until the floc converges to a single particle settling according to Stokes theory. For
an upper bound, prior work suggests that the Kolmogorov microscale sets the maximum floc
diameter (e.g., Coufort et al., 2005; Kumar et al., 2010; Kuprenas et al., 2018). Our data
compilation indicates a typical Kolmogorov microscale of 200 pm with a relatively narrow
distribution across different rivers (Fig. 5 and 6; Table 1), from which we calculated a
maximal floc settling velocity assuming a solid particle (ns = 3; Fig 10). Our data support the
plausibility of these bounds because they bracket all of our floc settling velocity observations
(Fig. 10).
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= 3). We computed the settling velocity bounds using the model of Ferguson and Church
(2004) (Section 3.1).

Enhanced mud settling velocity due to flocculation reduces mud advective transport lengths,
with implications for setting the spatial distribution and rates of mud accretion and retention
in depositional zones (e.g., floodplains, deltas, wetlands). The enhanced settling velocity of
mud flocs might also cause mud to be exchanged between the flow and bed as suspended
bed-material load rather than washload in alluvial rivers (Lamb et al., 2020). As a result, a
dynamic equilibrium of suspended mud in rivers could lead to predictive mud flux models
based on bed grain size distribution as are common for cohesionless sediment (Lamb et al.,
2020; Ma et al., 2020).

2.5.2 River channel-scale geomorphology

We found Kolmogorov microscale to be an important predictor of floc parameters relative
to other factors, scaling linearly with floc settling velocity and diameter (Table 2). Channel
hydraulic geometry (e.g., water depth and channel slope) controls the observed variation in
shear velocity and Kolmogorov microscale between sites. Extremes in shear velocity inhibit
mud flocculation because more intense turbulence reduces Kolmogorov microscale and less
turbulent flows are less effective at suspending sediment and driving particle collisions. All
else being equal, floc diameter and settling velocity might peak at moderate flows and shear
velocities leading to higher relative contribution to mud accretion at those conditions. For
example, repeat concentration-depth profiles sampled from 2012 to 2014 in the Fraser river
show, at an intermediate flow, maximum floc settling velocity about 2.5 times greater than
that at the lowest and highest flows (Environment Canada, 2021; Haught et al., 2017; Fig.
11). Discharge also covaries with other biogeochemical factors in rivers, complicating the
relationship between discharge and floc properties. For instance, floods tend to dilute
dissolved load concentrations (e.g., Torres et al., 2015), which could promote larger flocs
and offset floc breakage.
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Figure 11. Comparison of mean flow velocity and floc settling velocity, estimated from
our data compilation, for the Fraser river (Haught et al., 2017). We calculated mean flow
velocity from continuity using channel width and depth (Haught et al., 2017) and water
discharge at the Mission gaging station (station number 08MH024; Environment Canada,
2021).

Faster mud settling due to flocculation could contribute to finer channel-proximal deposits
during overbank flow (Zeichner et al., 2021), and might help explain the existence of muddy
levees (e.g., Adams et al., 2004; Nicholas and Walling, 1996). More cohesive channel-
proximal deposits strengthen banks and limit channel lateral migration rates (lelpi and
Lapdtre, 2019; Peakall et al., 2007; van Dijk et al., 2013), thereby establishing a
morphodynamic feedback between mud deposition and the long-term evolution of channel
and floodplain morphology (Dunne and Jerolmack, 2020; Lapotre et al., 2019). Mud
flocculation could thus be an important control on equilibrium channel width in lowland
alluvial rivers and river planform geometry. Over geologic time, mud flocculation could
influence the development of alluvial stratigraphic architecture (Mackey and Bridge, 1995;
Nicholas and Walling, 1996). More cohesive banks might favor aggradation and avulsion
rather than lateral migration, leading to a mudrock-dominated alluvial architecture with
sparse sandy channel bodies rather than laterally-extensive amalgamated channel belts
(Jerolmack and Mohrig, 2007; Zeichner et al., 2021).

More accurate modeling of flocculation across floodplains with relatively slow flow likely
requires the time-dependent flocculation model (Equation 9), rather than the equilibrium
model on which we focused here for channels. The importance of using the unsteady model
relies on the relative timescales of variation in Kolmogorov microscale and floc equilibration
to local conditions, which we expect are comparable to each other in floodplains. Key
parameters (ny, j, k4, kg, A1, A2, B1, B2) remain to be evaluated in the time-dependent model
in rivers.
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2.5.3 Organic carbon

Organic carbon flux in rivers is closely tied to mud because its high specific surface area
provides ample sites to host particulate organic carbon (France-Lanord and Derry, 1997;
Galy et al., 2008; Schliinz and Schneider, 2000). We found that binding of organic matter to
mud is an important predictor for floc diameter and settling velocity through 6. The
functional form of & in the model indicates an optimum for the largest and fastest-settling
flocs at & = 0.5. The bulk of our 4 estimates lies in the regime of 9 < 0.5 in which increasing
organic cover leads to larger floc size and settling velocity (Fig. 6d). In this regime, the model
predicts that river suspended sediment with greater organic carbon concentration form larger,
faster-settling flocs. Thus, there is potential for a feedback in net depositional zones whereby
higher organic carbon concentration causes faster floc and organic carbon settling rates,
which increase carbon preservation potential (Galy et al., 2007; Hartnett et al., 1998; Torres
et al., 2020).

Field and laboratory flocculation studies have indicated that organic matter composition can
be important for determining the degree to which organic matter affects flocculation (e.g.,
Furukawa et al., 2014; Lee et al., 2017; Zeichner et al., 2021), an effect not accounted for in
our model. Previous work suggested that bacteria-derived EPS tends to encourage
flocculation because its molecular composition and structure can generate a chain-like
physical orientation when adsorbed on sediment, while aromatic-rich materials tend to
discourage flocculation because they coat sediment evenly and limit interparticle contact
between organic matter and bare sediment surfaces (Furukawa et al., 2014; Healy and La
Mer, 1962; Lee et al., 2019). Shifts in organic matter composition and/or abundance (i.e.,
due to changes in terrestrial vegetation, algal productivity, hillslope input of organic detritus)
and the covariation of such factors due to climate change and human activity (e.g., Li et al.,
2021) could trigger changes in flocculation. Floods are an additional catchment-specific
factor for organic matter because floods of different magnitude can source different parts of
the catchment (e.g., Dunne and Black, 1970) with different types of organic matter
(Golombek et al., 2021).

Our results indicate that greater river water ionic strength, through @, reduces floc size in
rivers. However, as rivers approach the ocean in estuaries, it is well known that the increasing
salinity typically enhances flocculation. The salinity to induce flocculation usually occurs at
a few parts per thousand (e.g., Drake, 1976; Einstein and Krone, 1962; Whitehouse et al.,
2013), which is an order of magnitude larger than the values measured in rivers in our
compilation (median salinity of 0.2 parts per thousand). Given that flocculation appears
common in rivers, there could be a process transition from organics-mediated flocculation in
freshwater to salinity-mediated flocculation in estuaries. In line with this view, Eisma et al.
(1991) analyzed C isotope ratios of suspended sediment organic matter and found a transition
in organic matter from freshwater- to marine-origin entering the Gironde estuary. In contrast,
data from the Rhine and Elbe estuaries show that organic matter binding river flocs persisted
in estuaries and led to minimal change in floc size in estuaries (Eisma et al., 1982; Puls and
Kduhl, 1986).
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2.5.4 Climate, tectonics, and lithology

Climate, tectonics, and lithology affect chemical weathering and the delivery of weathering
products (solids and solutes) to rivers, setting the chemical composition of sediment and river
water (Hilton and West, 2020; West et al., 2005). In our model, these basinwide geochemical
effects are expressed in Al/Si, ®@, and #. Weathering-limited catchments (e.g., in rapidly
uplifting mountains) yield fresher, less weathered sediment with smaller Al/Si and supply
fewer dissolved ions (smaller @) to a river system (West et al., 2005). The rock and soil
composition of source areas can also affect the composition and concentration of dissolved
species in river water, which both contribute to ®. Organic matter concentration in rivers
might be higher in areas with more humid climates and/or relatively younger organics-rich
soils and promote flocculation because of greater biological productivity and & (Galy et al.,
2015). Tectonic uplift, in concert with climate, could enhance mountain export of sediment
load, weathering products, and nutrients, which could also promote biological productivity
(Geider et al., 2001; Godard et al., 2014; Raymo and Ruddiman, 1992).

With climate warming, rivers might source more weathering products and dissolved ions (Li
et al., 2016; Perron, 2017), reducing the settling velocity of mud flocs in rivers. Warming
could also change the magnitudes of sediment and organic carbon supply to rivers because
of changes in catchment erosion rates (e.g., Perron, 2017) and biological productivity (e.g.,
Godard et al., 2014). These scenarios could alter the rates of mud and organic carbon delivery
to floodplains via flocs and could be explored using our calibrated model.

2.6 Conclusion

Evidence from a global river suspended sediment data compilation shows that mud
flocculation in rivers is common. Results from fitting the Rouse-Vanoni equation to grain
size-specific concentration-depth profiles show, on average, that mud flocs in rivers have
diameter of 130 pm, settle at a rate of 1.8 mm s, and are composed of primary particles
smaller than 39 um (clay and silt). We proposed and verified a semi-empirical model for floc
diameter and settling velocity in rivers. The calibrated model explains the estimated river
floc settling velocities within a factor of about two. Out of the variables considered, sediment
Al/Si has the strongest negative correlation with a fitted model exponent —2.15 £ 0.900.
Kolmogorov microscale has the strongest positive correlation because it scales linearly with
floc settling velocity. Higher floc settling velocity also scales with smaller relative charge
density of river water compared to sediment (exponent —0.0358 + 0.278) and larger mud
concentration and organic matter coverage on sediment grains (shared exponent 0.167 +
0.0989). These relationships highlight the key role of geochemical interactions between
primary particles and organic matter. Our model predicts a turbulence control for which floc
diameter is generally smaller than the Kolmogorov microscale because floc breakage rate
rapidly increases at large floc diameter, but floc diameter can exceed the microscale
depending on the effects of the other predictor variables. The model dependencies imply that
allogenic controls can affect floc properties, mud and organic carbon accretion in floodplains,
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and fluvial morphodynamics, resulting in possible new links between mud transport,
tectonics, climate, and the global carbon cycle.

2.7 Notation

Al/Si aluminum-silicon molar ratio of suspended sediment, dimensionless
C Volumetric sediment concentration, dimensionless
Ci Volumetric near-bed sediment concentration for ith grain size class, dimensionless
Cm Volumetric depth-averaged mud concentration, dimensionless
D Particle diameter (unflocculated sediment), m
Dt Floc diameter, m
Dp Primary particle diameter, m
Dt Floc cutoff diameter, m
e Elementary charge magnitude (= 1.602x107°), C
g Gravitational acceleration (= 9.81 m s%), m s
h River water depth, m
ho Near-bed reference height, m
k Calibrated model prefactor constant, dimensionless
Ka Floc aggregation efficiency, dimensionless
Ks Floc breakage efficiency, dimensionless
kem Boltzmann constant (= 1.381), J K!
Nt Floc fractal dimension (= 2), dimensionless
Pi Rouse number for ith grain size class, dimensionless
q Calibrated model exponent of C,,,6%(1 — 8)? term, dimensionless

r Calibrated model exponent of Al/Si term, dimensionless
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S Calibrated model exponent of ®@ term, dimensionless

u, Shear velocity, m s
W floc Floc settling velocity, m s
Wi In situ particle settling velocity for ith grain size class, m s
Bi Ratio of sediment and fluid diffusivities for ith grain size class, dimensionless
€o Vacuum permittivity (= 8.854x10%?), F m™!
€, Dielectric constant of water, dimensionless
n Kolmogorov microscale, m
0 Fraction of sediment surface covered by organic matter, dimensionless
d Ratio of charge densities in river water and on the sediment
K Von Kéarman constant (= 0.41), dimensionless
A Debye length, m
v Kinematic viscosity of water (= 10%), m? st
p Water density (= 1000), kg m3
s Sediment density (= 2650), kg m™
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2.10 Supporting Information
2.10.1 Introduction

Text S1 describes the method for partitioning data for each concentration-depth profile in
diameter-settling velocity space into flocculated and not flocculated regimes and extracting
floc cutoff diameter. Texts S2 and S3 describe the procedure for exploring the sensitivity of
the floc model to different diffusivity ratio, £, formulations (Text S2) and floc fractal
dimension, n¢ (Text S3).

Figures S1 and S2 demonstrate tests of the floc model sensitivity to the diffusivity ratio, £,
and fractal dimension, ny, respectively. Figures S3 and S4 show the relationships between
individual predictor variables from the floc model and each of floc cutoff diameter (Fig. S3)
and floc diameter (Fig. S4).

The supporting tables describe the data sources for the data compilation used to fit the floc
model for freshwater rivers. The data include suspended sediment concentration-depth
profiles (Table S1), percent weight organic carbon and Al/Si of river suspended sediment,
and major dissolved species in river water (Table S2).

2.10.2 Text S1

We used a sequential repeated fitting approach in D-ws space to find D: for each profile (Fig.
3). We first grouped together the four data points with the smallest D. We fitted a horizontal
line using ordinary least squares regression to this initial group to model the relatively
constant ws in the flocculated regime, then sequentially added the next data point with
immediately larger D to the fitting group and refitted the horizontal line. We determined the
best model as the one with the largest R? and fitted the remainder of the data with a settling
velocity model to describe the settling velocity of unflocculated particles. We fitted the
settling velocity model using the reciprocal 1/ws instead of ws to transform the settling
velocity model into an equation that is linear in the fit parameters so that we could use linear
regression (Ferguson and Church, 2004). We employed regularized linear regression with
constraints on the estimated settling velocity model parameters, following the recommended
parameter ranges in Ferguson and Church (2004), to maintain physically meaningful fits
(Friedman et al., 2010). We numerically solved for the floc cutoff diameter by requiring
continuity between the two parts of the resulting piecewise function. This sequence of fitting
starting from small D and successively including data at larger D provided one candidate Dx.
The procedure was repeated, but this time fitting the settling velocity model (rather than the
horizontal line) starting at the largest D and successively including data at smaller D. We
computed the average magnitude of residuals for each of the two candidate piecewise
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functions and selected the function (and its corresponding Dx) that had the smaller average
residual magnitude.

2.10.3 Text S2

We confirmed the reliability of our ws; estimation method against existing gi closures by
comparing our ws; estimates and the wsi estimates computed using other g relations (Fig. Sla-
e). We tested five alternative gi formulations: constant [ = 1], de Leeuw et al. (2020) [best-
fit one-parameter model for Rouse number], Graf and Cellino (2002) [without bedforms],
Santini et al. (2019), and van Rijn (1984). Our ws estimates correlate well (Pearson
correlation, r = ~0.66-0.70) with those estimated from the other methods. Our result of
elevated in situ settling velocities compared to Stokes law predictions for clay to silt grain
sizes holds for all i methods (Fig. S1f). In Fig. S1f, we elected to plot trend lines rather than
individual points to summarize the general relationship and avoid overplotting. These tests
demonstrate that our analysis of suspended sediment concentration-depth profiles is robust
to the choice of i closure.

2.10.4 Text S3

We tested the sensitivity of the floc model calibration to floc fractal dimension, nf, by
recalibrating the model for different values of constant ns and evaluating variation in
goodness-of-fit and calibrated model exponents. We imposed an array of different (but
constant) ns from its full physical range of 1 to 3. We recalibrated the full D model given ns:

2

DAYk T oz (1 — 0y2)a (alSiY @ (S1)
D, B Dy,

The model recalibration results demonstrate that nt has negligible influence on the model
goodness-of-fit and fit exponents for realistic values of ns for natural flocs (Fig. S2).
Considering the entire range of ns from 1 to 3, the model RMSE does not vary widely—the
maximum RMSE is within a factor of 1.4 of the minimum (Fig. S2a). As such, the model is
robust to different choices of ns in terms of goodness-of-fit. The model achieves a minimum
RMSE at ny = 1.1. This ns corresponds to a possible change in sign for the exponent of
Cmb?(1- 0)?, and this would alter our subsequent interpretation and conclusions (Fig. S2b).
However, n; = 1.1 is unrealistic because n tends to be between 1.4 and 2.2 for natural flocs
(Winterwerp, 1998). In addition, ns close to 1 indicates a linear, chain-like floc shape which
do not appear abundant in rivers (Osborn et al., 2020; Osborn et al., 2021). Considering only
realistic values (1.4 < ny < 2.2), then the calibrated exponents do not change sign and only
vary within a factor of about 2 (Fig. S2b-d). These variations in calibrated exponents do not
alter our subsequent interpretation and conclusions.
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Figure S1. (a-e) Comparison of in situ settling velocity estimates, ws, obtained with
different formulations for diffusivity ratio, £, and fitting the Rouse-Vanoni equation to the
river suspended sediment concentration profile data compilation. r denotes the Pearson
correlation coefficient computed in log-log space. The solid line indicates the 1:1 line and
the dashed lines indicate a factor of 10 above and below the 1:1 line. Legend in panel a
applies to panels a-e. (f) Settling velocity as a function of particle diameter using the
Rouse-Vanoni equation method for all concentration-depth profiles in the data compilation
and different £ relations. Data points have been summarized into trend lines using local
polynomial regression fitting. Theoretical settling velocity curve (labeled “theory”) is due
to Ferguson and Church (2004). Vertical dashed line denotes our median estimated floc
cutoff diameter, D: = 39 um. Abbreviations for £ relations are as follows. VR: van Rijn
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(1984). GC: Graf and Cellino (2002) without bedforms. S: Santini et al. (2019). DL.: de
Leeuw et al. (2020) best-fit one-parameter model for Rouse number.
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Figure S2. Sensitivity tests of the calibrated floc cutoff diameter, Dt, model (a) RMSE
(normalized by minimum RMSE) and fitted exponents on the (b) Cné?(1- 6)?, (c) Al/Si,
and (d) @ terms as functions of fractal dimension, ns. Vertical dashed line indicates the
model assumption of n = 2. Shaded region indicates the range 1.4 < ny < 2.2, which is
representative for natural flocs (Winterwerp, 1998). Thin lines about the thick line in
panels b-d indicate the 68% confidence interval bound on the parameter estimates.
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values were further scaled by dividing the median to better compare each variable. In all
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panels, the solid line, labeled in panel a, indicates the fitted relationship (Table 2). Error
bars represent the propagated 68% confidence interval.
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Figure S4. Individual parameters plotted against floc diameter, Dy, data normalized by the
effects of all other predictors in the fitted Dr model (Equation 24). The normalized values
were further scaled by dividing the median to better compare each variable. In all panels,
the solid line, labeled in panel a, indicates the fitted relationship (Table 2). In panel b, the
dashed line is the prediction from the equilibrium Winterwerp model. Error bars represent
the propagated 68% confidence interval.

Table S1. Data sources for grain size-specific suspended sediment concentration profiles.
The total number of profiles is 122.

River Number of profiles Reference

Amazon 5 Bouchez et al., 2011a; Bouchez, 2022
Beni 1 Bouchez et al., 2012; Bouchez, 2022
Fraser 40 Haught et al., 2017

Ganges 3 Lupker et al., 2011

Irrawaddy | 1 Baronas et al., 2020

Karnali 3 Dingle, 2021; Dingle et al., 2020
Madeira 3 Bouchez et al., 2011a; Bouchez, 2022
Mamoré 1 Bouchez et al., 2012; Bouchez, 2022
Missouri 39 Abraham et al., 2017

Salween Baronas et al., 2020

Solimdes | 3 Bouchez et al., 2011a; Bouchez, 2022
Yellow 23 Moodie et al., 2020

Table S2. River geochemistry data sources for suspended sediment Al/Si, percent weight
organic carbon, and major dissolved species concentration.

River Reference

Amazon Bouchez et al., 2014; Dosseto et al., 2006a; Hedges et al., 2000; Richey et
al., 2008; Seyler and Boaventura, 2003; SO-HYBAM,; Stallard, 1980

Beni Dosseto et al., 2006b; Elbaz-Poulichet et al., 1999; Guyot et al., 1993;
Hedges et al., 2000; SO-HYBAM,; Stallard, 1980

Fraser Cameron et al., 1995; Spence and Telmer, 2005; Voss, 2014

Ganges Galy and France-Lanord, 1999; Galy et al., 2008; Lupker et al., 2011; Sarin
etal., 1989

Irrawaddy | Baronas et al., 2020; Bird et al., 2008; Chapman et al., 2015; Garzanti et al.,
2016; Hossain et al., 2017; Manaka et al., 2015

Karnali Azam et al., 2018; English et al., 2000; Galy and France-Lanord, 1999; Galy
et al., 2008; Lupker et al., 2011; Sarin et al., 1989

Madeira Bonotto and da Silveira, 2003; Bouchez et al., 2014; Dosseto et al., 20064;

Dosseto et al., 2006b; Hedges et al., 2000; Richey et al., 2008; Seyler and
Boaventura, 2003; SO-HYBAM; Stallard, 1980
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Mamoré Dosseto et al., 2006b; Elbaz-Poulichet et al., 1999; Hedges et al., 2000;
Stallard, 1980

Missouri | Alexander etal., 1997; Canfield, 1997; Christiansen, 2004; Kelly et al., 2001,
Kleeschulte, 1993; Lee, 2020; Leenheer et al., 1995; Malcolm and Durum,
1976; Piper et al., 2006

Salween Baronas et al., 2020; Bird et al., 2008; Chapman et al., 2015; Huang et al.,
2009; Tipper et al., 2021

Solimbes | Bouchez et al., 2014; Dosseto et al., 2006a; Richey et al., 2008; Seyler and
Boaventura, 2003; SO-HYBAM,; Stallard, 1980

Yellow Ding et al., 2016; Hu et al., 2015; Huang et al., 1992; Li and Zhang, 2003;

Quetal., 2020; Ran et al., 2013; Su et al., 2006; Wang et al., 2009; Wang et
al., 2012; Yu et al., 2019; Zhang and Wen, 2009; Zhang et al., 1995; Zhang
etal., 2015
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Chapter 3

TESTING FLOC SETTLING VELOCITY MODELS IN RIVERS AND
FRESHWATER WETLANDS

Justin A. Nghiem, Gen K. Li, Joshua P. Harringmeyer, Gerard Salter, Cédric G. Fichot,
Luca Cortese, and Michael P. Lamb

Chapter 3 is modified from a previously published manuscript: Nghiem, J. A., Li, G. K,

Harringmeyer, J. P., Salter, G., Fichot, C. G., Cortese, L., & Lamb, M. P. (2024). Testing
floc settling velocity models in rivers and freshwater wetlands. Earth Surface Dynamics,
12(6), 1267-1294. https://doi.org/10.5194/esurf-12-1267-2024

Abstract

Flocculation controls mud sedimentation and organic carbon burial rates by increasing mud
settling velocity. However, calibration and validation of floc settling velocity models in
freshwater are lacking. We used a camera, in situ laser diffraction particle sizing, and
suspended sediment concentration-depth profiles to measure flocs in Wax Lake Delta,
Louisiana. We developed a new workflow that combines our multiple floc data sources to
distinguish between flocs and unflocculated sediment and measure floc attributes that were
previously difficult to constrain. Sediment finer than ~10 to 55 um was flocculated with
median floc diameter of 30 to 90 pum, bulk solid fraction of 0.05 to 0.3, fractal dimension of
~2.1, and floc settling velocity of ~0.1 to 1 mm s, with little variation along water depth.
Results are consistent with a semi-empirical model indicating that sediment concentration
and mineralogy, organics, water chemistry, and, above all, turbulence control floc settling
velocity. Effective primary particle diameter is ~2 pum, about 2 to 6 times smaller than the
median primary particle diameter, and is better described using a fractal theory. Flow
through the floc increases settling velocity by an average factor of 2 and up to a factor of 7,
and can be described by a modified permeability model that accounts for the effect of many
primary particle sizes on flow paths. These findings help explain discrepancies between
observations and an explicit Stokes law-type settling model that depends on floc diameter,
permeability, and fractal properties.

3.1 Introduction

Mud, defined as grains with diameters finer than 62.5 um, constitutes the bulk of sediment
load in large alluvial rivers and deltas (Walling and Fang, 2003; Cohen et al., 2022). Mud
deposition can counteract land loss in coastal areas experiencing sea level rise, subsidence,
and reduced sediment supply (Blum and Roberts, 2009; Syvitski et al., 2009). Fluvial mud
also hosts abundant mineral-bound organic carbon and pollutants and is thus important to
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the global carbon cycle (Mayer, 1994; Galy et al., 2008; Blair and Aller, 2012) and water
quality (Nelson and Lamothe, 1993; Pizzuto, 2014). Flocculation is key for understanding
mud sedimentation because flocculation can drastically increase the in situ mud settling
velocity (Lamb et al., 2020). Enhanced settling velocity affects mud exchange with the bed
and bedform geometry (Partheniades, 1965; Schindler et al., 2015; Tran and Strom, 2019)
and can ultimately alter landscape-scale mud transport (Nicholas and Walling, 1996; Craig
et al., 2020, Zeichner et al., 2021).

Flocculation is the reversible process in which suspended sediment grains (i.e., primary
particles) aggregate into larger and less dense particles called flocs, which can settle orders-
of-magnitude faster than their primary particles (Chase, 1979; Winterwerp, 1998). Many
physical, chemical, and biological factors affect flocculation like turbulence, sediment
concentration and mineralogy, organics, and water chemistry (Kranck, 1984; Mietta et al.,
2009; Nghiem et al., 2022). Researchers have long studied flocculation in estuaries and the
ocean where salinity mainly affects flocculation (Kranck and Milligan, 1980; McCave,
1984; Hill et al., 2001). High salinity promotes flocculation because cations compress the
electric double layer surrounding grains to the point that van der Waals attraction causes
grains to aggregate (i.e., DLVO theory; Derjaguin and Landau, 1941; Verwey, 1947).
However, recent studies found widespread flocculation in rivers (Lamb et al., 2020;
Nghiem et al., 2022). Much less is known about flocculation in freshwater where organic
matter might instead be the main flocculating agent (Eisma et al., 1982; Lee et al., 2019;
Zeichner et al., 2021). Organic matter biopolymers can bind sediment depending on charge
interactions and adsorption kinetics (Yu and Somasundaran, 1996; Gregory and Barany,
2011), which classic DLVO theory cannot describe (Deng et al., 2023). Limited direct
observations have shown that freshwater flocs are ~10 to 100 pm in diameter and settle at
~0.1to 1 mm s (Droppo and Ongley, 1994; Krishnappan, 2000; Guo and He, 2011;
Larsen et al., 2009; Osborn et al., 2021).

Although floc settling velocity is vital for understanding mud transport in rivers and
freshwater wetlands, settling velocity models for freshwater flocs are still in their infancy.
Many empirical models for estuarine flocs have been proposed (e.g., Gibbs, 1985; Manning
and Dyer, 2007; Soulsby et al., 2013), but are not applicable to freshwater flocs because
their parameters implicitly depend on sediment and water properties (e.g., Eisma, 1986).
Strom and Keyvani (2011) derived a general floc settling velocity model by assuming that
flocs are fractal aggregates and modifying Stokes settling velocity theory to include floc
density and permeability. We refer to this model as the “explicit model” because it predicts
floc settling velocity from physical principles. The explicit model was validated against a
data compilation of floc diameter and settling velocity measurements (Strom and Keyvani,
2011), but is difficult to apply because it relies on floc permeability and primary particle
diameter, which are poorly constrained.

Alternatively, floc diameter and settling velocity can be predicted using a flocculation
model. In a seminal study, Winterwerp (1998) developed a turbulence-driven flocculation
model in which the relative rates of floc aggregation (due to particle collisions) and
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breakage (due to shear stress) set floc diameter and settling velocity. The Winterwerp
model is a function of shear rate and sediment concentration, but the effects of other factors
are not explicit. Nghiem et al. (2022) modified the Winterwerp model to include additional
factors known to affect flocculation: organic matter, sediment mineralogy, and water
chemistry. They fitted the model to a global river compilation. We refer to the Nghiem et
al. (2022) model as the “semi-empirical model” because the fitted parameters empirically
account for the effects of floc structure, density, and permeability on floc settling velocity.
The semi-empirical model was calibrated on floc settling velocity inferred from sediment
concentration-depth profiles using Rouse-Vanoni theory (Nghiem et al., 2022), but has yet
to be verified against direct measurements.

Here we combined geochemical sampling, camera observations, in situ laser diffraction
particle sizing, and Rouse-Vanoni analysis of sediment concentration-depth profiles in the
freshwater Wax Lake Delta (WLD), Louisiana, USA to examine these knowledge gaps:
floc permeability and primary particle diameter in the explicit model and validation of the
semi-empirical model. First, we review the floc theories (Sect. 2). We introduce the study
area in Sect. 3. Next, we describe the field methods and data analysis to calculate floc
properties (Sect. 4). Importantly, our complementary data sources provide new constraints
on floc properties, allowing us to isolate floc concentration and size distribution and
estimate floc permeability and primary particle diameter for the explicit model. These
properties, along with floc solid fraction, fractal dimension, and settling velocity
distribution, are reported in Sect. 5. In Sect. 6, we discuss the advantages of our data
combination, practical considerations for predicting freshwater floc settling velocity, the
physical interpretation of primary particle and permeability effects on floc settling velocity,
and the leading role of turbulence in setting floc settling velocity.

3.2 Floc Theory
3.2.1 Explicit Model

The explicit model for floc settling velocity, ws (m s%), is Stokes law modified for flocs
(Strom and Keyvani, 2011) and hence predicts ws at the scale of the individual floc:

ne—1
w, = Rs90s (DY o)
* b \D,

where Rs is the submerged specific gravity of sediment (1.65), g is gravitational acceleration
(9.81 m s2), D (m) is floc diameter, and b (dimensionless) is a shape factor assumed to be
20 (Ferguson and Church, 2004; see Sect. 6.3 for discussion). Equation (1) assumes that flocs
are fractal aggregates (Kranenburg, 1994), for which a fractal solid fraction model applies:

~ Df ng—3
=) @
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where ¢ (dimensionless) is the solid fraction, the volume fraction of the floc composed
of mineral sediment. Although fractal theory is an approximation because floc structure is
heterogeneous (e.g., Spencer et al., 2021), it has been well-tested for natural flocs
(Kranenburg, 1994; Winterwerp, 1998; Dyer and Manning, 1999). Natural flocs contain
many primary particle sizes, so Dp (M) is an effective primary particle diameter that is
representative of the primary particle size distribution. Given Ds and Dy, fractal dimension,
ny € [1, 3] (dimensionless), quantifies the packing efficiency of primary particles. A
compact solid grain has ny = 3, while a linear chain of primary particles has ny = 1. A
typical fractal dimension for natural flocs is ~2 (Kranenburg, 1994; Winterwerp, 1998). All
else equal, Eqg. (2) indicates that smaller flocs are denser than larger flocs and, in turn, the
center of a given floc is denser than the edges.

Drag ratio, Q € (0, 1] (dimensionless), quantifies floc drag force reduction caused by flow
passing through a permeable floc (Neale et al., 1973). Specifically, Q is the ratio of the drag
force of the floc and that of an impermeable particle with the same density and diameter at
the same flow velocity (Neale et al., 1973). Equivalently, Q is the ratio of the settling
velocity of the impermeable particle and that of the floc. If Q = 1, then the floc is
impermeable. Q < 1 indicates a permeability-induced drag force reduction and settling
velocity enhancement. Based on creeping flow theory, Q decreases with permeability
according to

262 (1 - tanh &
Q= ( ti\nh)f (3)
262 +3(1- : )

where the dimensionless permeability, ¢ =2 = 4kD; %, and k (m?) is the floc permeability
(Neale et al., 1973). Equation (3) shows that predicting € is tantamount to predicting &2.

The key inputs in the explicit model (Eq. 1) are floc diameter, Dy, fractal dimension, ny,
effective primary particle diameter, Dy, and drag ratio, Q. Of these, Dp and Q are the
outstanding unknowns because prior studies have well constrained floc diameter and fractal
dimension (e.g., Jarvis et al., 2005; Strom and Keyvani, 2011). Cameras are commonly
used to measure floc diameter and settling velocity, but this data alone cannot separate the
effects of Dp and Q (Dyer and Manning, 1999; Strom and Keyvani, 2011). As such, Dp and
Q must be estimated from additional relations as follows, but these relations have yet to be
tested against observations of natural flocs in freshwater rivers and deltas.

Determining an effective primary particle diameter, Dy, as required for the explicit model
(Eq. 1), is uncertain because each floc carries many primary particle sizes. Dy is typically
assumed to be the mean or median of the primary particle size distribution (e.g., Syvitski et
al., 1995; Strom and Keyvani, 2011). Alternatively, Bushell and Amal (1998) proposed a
fractal Dp model:
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where Dyi is the diameter of the ith primary particle in the floc and N is the number of
primary particles in the floc. Equation (4a) shows that the effective primary particles of
diameter Dp must have the same physical dimension, set by the weighting dimension, nw
(dimensionless), as the original primary particles. For example, n,, = 3 means that total
primary particle volume is preserved. n,, = 0 means that the number of primary particles is
preserved. By analogy, Eq. (4b) shows that the effective primary particles must also fill the
same ns-dimensional space as the original primary particles. Bushell and Amal (1998)
combined Eqg. (4a) and (4b) to obtain a fractal D, model (Eg. 4c). The mean or median of
the primary particle size distribution does not satisfy such conditions and thus might be
very different from the fractal Dp. Equation (4c) has been validated using light scattering
experiments on synthetic grains (Bushell and Amal, 2000). Since we could only resolve Dy
over floc populations and not at the level of single flocs (Sect. 4.6.2), we followed
Gmachowski (2003) and extended Eqg. (4c) to average over the primary particle size
distribution:

—— ——\1/(nw—ny)
— Nw ng

p, = (Dy*/D,”) (5)

where the overbars denote calculating the moment using the number-based primary particle

size distribution. We evaluate Eq. (5) herein for natural flocs.

Existing analytical permeability models can struggle to predict Q (Eq. 3) because natural
flocs do not fulfill model assumptions of uniformly sized primary particles and uniform
porosity (Eg. 2). Several experimental studies observed particularly high floc permeability
incompatible with typical permeability models altogether (e.g., Johnson et al., 1996; Li and
Logan, 1997). Using a data compilation of field and lab flocs, Strom and Keyvani (2011)
found that the classic Brinkman permeability model, which is based on drag theory for a
cluster of uniformly sized grains (Brinkman, 1947), vastly overestimated the inferred Q for
flocs with ns < 2. However, their conclusion is uncertain because they calculated € using
reported primary particle diameters that might not reflect effective primary particle
diameters. Kim and Stolzenbach (2002) found that the empirical Davies permeability
model (Davies, 1953):
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&%= (g—;) [169°(1 +56¢9%)]71 (6)

predicted well the hydrodynamic force on simulated permeable fractal aggregates. Like the
Brinkman model, the Davies model predicts £ =2 (and hence Q through Eq. 3) given ¢ and

nt because (D, /Df)2 = ¢2/B3-75) (Eq. 2). Modified permeability models have been
proposed to capture the fact that clustering of primary particles might create macropores
that disproportionately set permeability (Li and Logan, 2001; Woodfield and Bickert,
2001). In particular, Li and Logan (2001) replaced Dp with a larger cluster diameter, D¢
(m), in any given permeability equation (e.g., Brinkman or Davies model). We tested the
abilities of the Brinkman and Davies models and their Li and Logan variants, each coupled
with Eq. (3), to describe drag ratio estimates.

3.2.2 Semi-Empirical Model

The semi-empirical model is the Winterwerp (1998) model as modified by Nghiem et al.
(2022). Unlike the explicit model, the semi-empirical model predicts values representative
of a floc population (Winterwerp, 1998) rather than those of individual flocs. At
equilibrium between floc growth and breakage, the Winterwerp model predicts floc
diameter, Dy = (k,/kg)Cn4/E,/(pv?), in which k, and kp (dimensionless) are the floc
aggregation and breakage efficiencies, p is water density (1000 kg m™), v is water
kinematic viscosity (10° m? s1), Fy is the floc yield force (N), and C (dimensionless) is the
volumetric sediment concentration. The Kolmogorov microscale, 7 (m), is the length scale
of the smallest turbulent eddies in the flow and scales inversely with turbulence intensity
(Tennekes and Lumley, 1972).

The semi-empirical model (Nghiem et al., 2022) includes the effects of organic matter,
sediment mineralogy, and water chemistry in k,/kg using standard geochemical variables
measured from river sediment and water samples, which are often more readily available
than the floc parameters in the explicit model. The semi-empirical model predicts ws, Dr,
and floc cutoff diameter, Dt (m), which is the threshold grain diameter between
significantly flocculated (finer) and unflocculated (coarser) sediment. Using Dy, ws, and Dt
inferred from a global river data compilation of sediment concentration-depth profiles,
Nghiem et al. (2022) calibrated the model:

D, = 0-134(775;),50)1/2(6',”92(1 —_ 9)2)0'0734(AI/Si)_0'774(D_0'180 (7a)

_ ngﬁp,so

Wy = —— 0= 0.3067 (2 (1 — 6)%) 17 (AUSI) 2150700358 (7b)

Dy = 0.01807(Cr82(1 — 6)2)*147 (AU/Si) 1550360 (7¢)
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The variables in the semi-empirical model (Eq. 7) describe the depth-averaged floc
population because the floc calibration data are depth-averaged. Accordingly, depth-
averaged mud volume concentration, Cr (dimensionless), is the representative sediment
concentration for flocculation because, although sand can be incorporated in flocs
(Whitehouse et al., 2000; Manning et al., 2010), mud is typically far more abundant (Lamb
et al., 2020; Osborn et al., 2021). Depth-averaged median primary particle diameter, 5,050
(m), is taken as the primary particle size metric. Sediment Al/Si (molar ratio) represents
mineralogy because clay minerals are enriched in Al/Si compared to feldspar and quartz
(e.g., Galy et al., 2008; Bouchez et al., 2014). 6 (dimensionless) is the organic cover
fraction, the fraction of the sediment grain surface covered with organic matter (Smellie
and LaMer, 1958). Relative charge density, @ (dimensionless), quantifies the effect of
salinity and sediment mineralogy on flocculation using diffuse double layer theory
(Rommelfanger et al., 2022). @ is the ratio of net cation charge in solution and that at the
surface of sediment grains. Flocculation is expected at higher values of ® where the cation
concentration overcomes the negative charges on the surfaces of clay minerals.

In this study, we combined floc and geochemical measurements in the Wax Lake Delta to
constrain explicit model parameters and verify the semi-empirical model. Our objective for
the explicit model is to evaluate primary particle diameter and floc permeability theory
because these parameters have not been fully tested before for natural flocs. Our objective
for the semi-empirical model is to validate it using direct observations of floc diameter and
settling velocity.

3.3 Study Site

We conducted fieldwork in the Wax Lake Delta, a river-dominated freshwater delta in the
Mississippi River Delta complex (Fig. 1ab). The lower Mississippi River conveys water
and sediment to WLD via the Atchafalaya River and Wax Lake Outlet, which was dredged
in 1942 (Fig. 1b; Latimer and Schweizer, 1951). The topset of WLD became subaerial after
the 1973 Mississippi River flood and has since been aggrading and prograding into the
Gulf of Mexico with little human intervention (Roberts et al., 1980; Jensen et al., 2022).
Interactions between the river, tides, wind, and vegetation cause wide variability in delta
island inundation, which can expose and submerge much of the levees along island margins
(Geleynse et al., 2015). Despite the proximity of WLD to the Gulf of Mexico, the water
remains fresh even during low river discharge (Holm and Sasser, 2001).
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Figure 1: (a) Map of Wax Lake Delta, Louisiana with sample sites. Circles indicate main

sample sites with sediment concentration-depth and LISST profiles. Stars indicate
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additional sediment concentration-depth profile sites without LISST and floc cam
measurements. Satellite image is from January 2021, Image © 2021 Planet Labs PBC, at
relatively low discharge and tide to highlight the full island extents. (b) Map of Louisiana
coast region. (c) Inset map of Mike Island and Greg Pass. Satellite image is the same as
that in panel (a), Image © 2021 Planet Labs PBC. (d) 2021 hydrograph of Wax Lake
Outlet at Calumet, LA (USGS stream gauge 07381590). Gray bands indicate fieldwork
periods.

We completed fieldwork in WLD during March and April 2021 (spring campaign) and
August 2021 (summer campaign) as part of the NASA Delta-X project. During the spring
campaign, the discharge into WLD was ~5500 m?® s, which is near the peak for 2021 (Fig.
1d). During the summer campaign, the discharge was ~1800 m® s and is close to the low
discharge for the year. We studied four sites: Wax Lake Outlet (WO), Greg Pass (GP),
northern Mike Island (M1), and southern Mike Island (M2) (Fig. 1ac). Site WO is about 20
km upstream of the delta apex. Site GP is near the center of Greg Pass, the distributary
channel east of Mike Island. Sites M1 and M2 on Mike Island are in a tidally forced
shallow wetland. We sampled all sites during the spring campaign, but only sampled site
GP during the summer campaign. At each site, we collected vertical profiles of suspended
sediment samples (i.e., concentration-depth profiles) and in situ particle size distributions
and concentrations with a Sequoia Scientific LISST-200X (LISST) instrument. We
collected 8 profiles with paired LISST and sample measurements. We took floc images
with a camera system (floc cam) for 4 profiles. We sampled 16 additional concentration-
depth profiles distributed throughout WLD without matching LISST or floc cam data,
including one profile in October 2019 during a separate field campaign. We also collected
water samples to measure major cation and anion concentrations at 20 profile sites and
dissolved inorganic carbon (DIC) concentration at 15 profile sites.

3.4 Methods

Herein we use the terms “grain” or “sediment” to mean the solid disaggregated mineral
sediment, which might or might not have been flocculated in situ. As standard in the
flocculation literature, we use “primary particle” to refer to the constituent sediment grains
inside flocs. We use “particle” alone (i.e., without “primary”) to refer generically to the in
situ suspended material, which includes flocs and unflocculated sediment. This
nomenclature is standard throughout the paper and is critical for distinguishing between
flocs, unflocculated sediment, and fully dispersed sediment.

We designed our field methods to measure all variables in the explicit and semi-empirical
models and test their floc settling velocity predictions. We collected sediment
concentration-depth profiles and acoustic Doppler current profiler (ADCP) flow velocity
measurements (Sect. 4.1). We measured the major ion concentrations of the water,
sediment organic matter concentration, and sediment elemental composition (Sect. 4.2).
The primary floc data sources are in situ particle sizing with LISST (Sect. 4.3), a camera
(Sect. 4.4), and analysis of suspended sediment concentration-depth profiles (Sect. 4.5),
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each with different advantages and limitations. In situ particle sizing measures in situ
particle size distribution and concentration using laser diffraction (e.g., Agrawal and
Pottsmith, 2000; Guo and He, 2011), but cannot distinguish between flocs and
unflocculated sediment. Although laser diffraction might be sensitive to primary particles
within flocs (Graham et al., 2012), studies have found good agreement between floc size
distributions measured by camera and laser diffraction (Mikkelsen and Pejrup, 2001;
Mikkelsen et al., 2005). Cameras directly measure floc size and settling velocity (e.g.,
Mikkelsen et al., 2004; Benson and French, 2007; Osborn et al., 2021). However, camera
methods require reliable image processing algorithms, can be limited by the small number
of identifiable flocs, and cannot detect flocs finer than the pixel resolution. Depth-averaged
floc settling velocity can be inferred from stratification in grain size-specific sediment
concentration-depth profiles (Lamb et al., 2020; Nghiem et al., 2022), but this technique is
indirect and does not reveal floc diameter. We combined these data sources in novel ways
(Sect. 4.6) to derive floc variables (floc diameter, floc settling velocity, fractal dimension,
effective primary particle diameter, and drag ratio) required to test theory and the floc
settling velocity models.

Table 1: Estimated floc variables and their data sources. The variables are listed by order
in the data processing workflow. In Data Source, “sediment” refers to sediment grain
size distribution, concentration, and/or Rouse-Vanoni equation fitting results. The
primary data source (if any) is listed first. In Description, the data sources are indicated
in parentheses next to input variables if there are multiple sources.

Variable Data Source Description Section or
(Equation)

Paired diameter floc cam Diameter: Extracted using image | 4.4

(m) and settling analysis

velocity (m s?) of Settling velocity: Calculated by

individual flocs manually tracking particles

Floc cutoff sediment Selected by eye from grain 4.5

diameter, Dt (m) diameter-settling velocity results

from Rouse-Vanoni fitting of
grain size-specific concentration-
depth profiles

Floc size LISST, Particle size distribution and 46.1
distribution (m) sediment concentration (LISST) removing
and concentration the unflocculated sediment

fraction in the classes coarser than
D; and finer than the maximum
grain diameter (sediment)

Primary particle sediment Grain size distribution and 46.1
size distribution sediment concentration removing
(m) and the fraction coarser than D¢

concentration
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Bulk solid fraction, | sediment, Ratio of primary particle 46.1
7] LISST (sediment) and floc

concentrations (LISST, sediment)
Fractal dimension, | LISST, Calculated to ensure consistency | 4.6.2
N sediment between @ (sediment, LISST) and | (11)

mean settling velocity over the
floc size distribution (LISST,

sediment)
Effective primary | LISST, Calculated using nf (LISST, 4.6.2
particle diameter, | sediment sediment) and ¢ (sediment, 9)
Dy (M) LISST)
Drag ratio, Q floc cam, Calculated using floc cam- 4.6.3
LISST, measured floc diameter and (1)
sediment settling velocity (floc cam) by

solving the explicit model (Eq. 1)
for Q with the calculated ny
(LISST, sediment) and Dy
(LISST, sediment)

Floc settling LISST, floc Converted floc size distribution 4.6.4
velocity cam, sediment | (LISST, sediment) using the floc | (1)
distribution (m s™) settling velocity equation (Eq. 1)

with calculated Q (floc cam,
LISST, sediment), ns, and Dp
(both LISST, sediment)

3.4.1 Sediment Sampling and Hydrodynamic Measurements

Nghiem et al. (2021) describe our sediment sampling and lab analysis in full, which are
summarized here. For each profile, we collected suspended sediment samples at different
heights above the bed from a boat with a VVan Dorn sampler. At the channel sites (WO and
GP), we collected samples isokinetically by drifting over the target location at the local
current speed (Edwards and Glysson, 1999). We sampled while stationary at the wetland
sites (M1 and M2) because of the relatively slow flow velocities inside the wetland (~0.1 m
s'1). We also sampled bed sediment with a Ponar grab sampler and shallow sediment cores
using a piston core to supplement the samples for XRF analysis (Sect. 4.2). We filtered
each sample through 0.2 pm pore size polyethersulfone filter paper (Sterlitech) and froze
the filtered sediment. In the lab, we dried and weighed samples to measure sediment
concentration. We decarbonated, oxidized, and deflocculated an aliquot of each sample for
grain size analysis following Douglas et al. (2022) to fully disperse the sediment.

We measured the volume-based grain size distribution using a Malvern Mastersizer 3000E
laser diffraction analyzer with the non-spherical scattering model from 0.2 to 2100 pum in
100 logarithmically spaced bins. This method calculates the grain size distribution using
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Mie theory to model light scattering from particles. Mie theory is sensitive to the
refractive index, RI, and absorption index, Al, of the particles. We determined appropriate
values of these optical properties for each measurement using the Mastersizer’s optical
property optimizer, which finds the best values to minimize the difference between
measured and modeled light scattering intensity (Rawle, 2015; Malvern Panalytical, 2024).
We limited RI between 1.5 and 1.7, which covers the range of common sedimentary
minerals (Ozer et al., 2010), and Al between 0.001 and 0.01, which we empirically found
to best suit our samples. The median optimized RI and Al across all measurements are 1.57
and 0.01, respectively. For each concentration-depth profile, we calculated the depth-
averaged grain size distribution by depth-averaging the concentration in each grain size
class with the trapezoidal rule and renormalizing the depth-averaged concentrations. We
extrapolated a constant concentration in the unmeasured regions below the deepest
measurement and above the shallowest measurement for the integration. We summed the
class-specific depth-averaged concentrations to obtain the total depth-averaged sediment
concentration. To obtain depth-averaged mud concentration, Cm, for the semi-empirical
model, we summed the concentrations in the mud classes only.

We measured flow velocity profiles using a Teledyne RiverPro ADCP instrument
concurrent with suspended sediment sampling. We deployed the ADCP near the water
surface looking downward. The ADCP measured the flow velocity profile to within 5 to 15
cm of the bed at a frequency of ~1 Hz. We averaged about 100 to 1000 velocity profiles in
the island sites and about 50 in the channel sites to obtain the representative velocity
profiles at the concentration-depth profiles. We averaged data within a radius of 1.5 times
the flow depth from the concentration-depth profile location and within 10 s of collecting a
suspended sediment sample. For the deeper flows (>10 m) in Wax Lake Outlet and the
delta apex, the velocity profiles contain about 50 bins in the vertical. The shallow channel
profiles (3 to 4 m depth) have about 10 to 30 bins. The island profiles, with depths of 1 m
or less, have about 5 bins. The bin height is about 10 to 20 cm for the deeper flows and
about 5 to 10 cm for the shallower flows. We did not observe any clear wind or vegetation
signatures in the representative velocity profiles (e.g., Baptist et al., 2007).

We estimated the total boundary shear velocity, u, (m s?), by fitting each representative
flow velocity profile to the law of the wall (e.g., Garcia, 2008). The law of the wall is
reasonable because the representative velocity profiles visually show a clear linear trend
between flow velocity and the logarithm of height. However, some data above 50% of the
flow depth deviate from the linear trend likely due to tide and wake effects (Soulsby and
Dyer, 1981; Nezu and Nakagawa, 1993). We excluded this upper data and fitted the law of
the wall using a weighted least squares regression with weights equal to the reciprocal of
the square of the velocity standard error. The coefficients of determination have a median
of 0.89 and range from 0.06 to 0.99. We used the shear velocity to calculate the near-bed
Kolmogorov microscale. The Kolmogorov microscale varies with height above the bed as
n(z) = (v3/&)Y*, where ¢ (m? s%) is the dissipation rate of turbulence kinetic energy per
unit mass, and € = (u3/x)(1/z — 1/h), where x (dimensionless) is the von Karman
constant (0.41), z (m) is height above the bed, and h (m) is the water depth (Nezu and
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Nakagawa, 1993). Following Nghiem et al. (2022), we chose # as the value at 10% of the
flow depth (i.e., the near-bed value; Sect. 4.5).

3.4.2 Geochemical Measurements for Semi-Empirical Model

We measured sediment Al/Si using X-ray fluorescence (XRF) for 33 suspended, bed, and
core sediment samples for the semi-empirical model. Due to sample mass limitations, we
measured quantitative Al/Si using glass pellet fusion on a 4 kW Zetium Panalytical XRF
analyzer for only 7 samples. For the remaining 26 samples, we measured semi-quantitative
Al/Si using a Rigaku Primus IV XRF Spectrometer. We re-analyzed the samples that had
been measured on the Zetium using the Rigaku to calibrate a linear equation (R? = 0.91)
converting the semi-quantitative Al/Si to quantitative Al/Si. Using the converted
quantitative Al/Si, we calibrated a linear equation between Al/Si and volume fraction finer
than a certain grain size threshold so we could predict Al/Si for cases in which grain size
distribution is known but we did not measure Al/Si. We calculated the coefficients of
determination for many grain size thresholds and selected the model with the highest R?
(A1/Si = 0.089 + 0.17[volume fraction finer than 23.1 um]; R? = 0.90). We predicted
Al/Si from the depth-averaged grain size distributions (Sect. 4.1) for all concentration-
depth profiles using this equation.

We measured total organic carbon (TOC) concentration of suspended sediment samples to
calculate 4 in the semi-empirical model. Sediment aliquots were decarbonated by leaching
with 2 M HCl at 80°C and dried. Samples were weighed before and after decarbonation to
correct for the fraction of sediment mass lost during decarbonation. TOC concentration was
measured using an Exeter Analytical CHN analyzer with uncertainties determined from
repeat measurements of reference materials. We depth-averaged TOC concentrations for
each concentration-depth profile using the trapezoidal rule on measured TOC
concentrations weighted by sediment concentration. We assumed all organic matter was
cellulose to convert depth-averaged TOC concentration to organic matter concentration
(Nghiem et al., 2022). We calculated 6 using the computed organic matter concentration
and depth-averaged median primary particle diameter (Sect. 4.6.1; Nghiem et al., 2022).

We measured the major ion concentrations (cations: Na*, K*, Ca?*, Mg?*; anions: CI,
HCOs", SO+*") of water samples to calculate @ for the semi-empirical model (Nghiem et
al., 2022; Rommelfanger et al., 2022). We measured dissolved inorganic carbon (DIC)
concentrations using a Picarro Cavity-Ring Down Spectroscopy G2131-i and assumed that
all DIC was HCOs™ to calculate HCOs™ concentrations. For DIC, about 6 mL of filtered
river water was injected through a 0.2 pm syringe filter into an evacuated and pre-weighed
12 mL exetainer. Samples were acidified with 10% phosphoric acid. The resulting CO2 was
carried in a nitrogen stream for total carbon measurements (Dong et al., 2018). DIC
concentration was calibrated against weighed and acidified optical calcite standard
reference materials. Concentrations of the rest of the ions were measured by ion
chromatography at the Department of Geography, Durham University and checked by
regular measurements of the LETHBRIDGE-03 standard. We solved for the HCO3~
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concentration using charge balance for cases in which we had ion chromatography
measurements but did not measure DIC concentration.

3.4.3 In Situ Particle Size Distribution and Concentration Measurements

We used a LISST instrument to measure in situ particle size distribution and concentration.
We assumed that the particles measured by LISST were either flocs or unflocculated
sediment. The LISST measures the particle volume concentration, including the pores
within flocs, from 1 to 500 um in 36 logarithmically spaced size bins using laser
diffraction at a rate of 1 Hz (Sequoia Scientific, 2022). Unlike the Mastersizer, the LISST
does not rely on particle optical properties because it uses an empirical calibration for
natural particles to invert the angular light scattering intensity and calculate the particle size
distribution (Agrawal et al., 2008). We deployed the LISST attached to a rope from a boat
in drift and measured downcast profiles by lowering the LISST at a rate of about 0.1 m s,
Optical laser transmission during measurements was within recommended ranges (Sequoia
Scientific, 2022). For each LISST cast, we averaged particle size distribution and
concentration data into 12 bins uniformly spaced with height above the bed to improve data
display in Fig. 5. We calculated the depth-averaged particle size distribution using the
trapezoidal rule with the binned concentrations as described in Sect. 4.1. Further LISST
methods are documented in Fichot and Harringmeyer (2021).

3.4.4 Floc Imaging

We measured floc diameters and settling velocities with a custom imaging device called the
“floc cam” (Fig. 2a). The floc cam is a frame on which we mounted a camera and a
modified 2.2 L Van Dorn sampler. We installed a 7 cm diameter window on the side of the
sampler through which a backlight illuminates the interior. On the opposite side, we
installed a 3 cm diameter window through which a camera takes photos. For each floc cam
sample, we followed the same procedure for suspended sediment sampling up until the
sample was retrieved from depth. We then mounted the sampler in the floc cam frame and
took photos of backlit particles within the sampler using a Nikon D750 camera equipped
with an AF-S Micro NIKKOR 60 mm /2.8G ED lens (Fig. 2a). We programmed the
camera to take photos at a rate of 4 Hz. Once the sampler and camera were in place, we
covered the frame with a black tarp to shield the floc cam from ambient light. The time
between sample collection and the start of image collection was about 1 min. We allowed
the camera to take photos for a few minutes, yielding an image time series for each floc
cam sample. We measured a resolution of 6 um per pixel in the focal plane of the camera
by photographing a ruler.
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Figure 2: Floc cam data collection and processing. (a) Floc cam setup. During image
collection, the black tarp covered the sampler and frame to block external light. (b)
Example floc cam grayscale image. (c) 2D gradient of the grayscale image. High-
gradient pixels correspond to particle borders. (d) Binarized particles showing particle
displacement between an image pair. Scale in panel d also applies to panels b and c. (e)
Example scatterplot of squared diameter, D2, and measured displacement. Az, indicates
the fitted background correction. (f) Time series of corrected displacement for a single
tracked particle across multiple image pairs. The corrected displacement isolates the
displacement due to gravitational settling from that due to background currents.

We detected particles in each image with the MATLAB Image Processing Toolbox
following Keyvani and Strom (2013). We converted each image to grayscale and cropped
the image to a smaller area of interest. We rescaled the pixel values in the cropped image
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and applied a Gaussian smoothing filter (Fig. 2b). We took the gradient of the image
with a central difference method (Fig. 2¢). We binarized the gradient image using a
gradient cutoff, determined by trial-and-error, to exclude any particles where the gradient
was too small (i.e., the particle was out-of-focus; Fig. 2d) but retain a sufficient number of
detected particles. We applied morphological erosion and dilation on the binary image to
remove noise speckles and connect fragments belonging to the same particle. Finally, we
filled any holes within detected particles.

To calculate settling velocity, we tracked particles manually between successive frames in
each binary image time series of in-focus particles (Fig. 2d). We identified the same
particle across frames according to particle size, shape, and displacement. We tracked 100
unique particles for each time series over an image time span of 10 to 20 s and only
recorded particles that could be tracked for at least three consecutive frames. The mean
number of frames over which we tracked particles is 7.4. For each tracked particle, we
calculated the diameter as the diameter of an equal-area circle using the second-largest
measured particle area to exclude outliers. We used a regression method to remove the
effect of background currents on observed particle motion and isolate particle displacement
due to gravitational settling only. We assumed that background currents perfectly advected
particles (Smith and Friedrichs, 2015). The particle displacement between an image pair is
AZ = Az + Az, where AZ (m) is the observed vertical displacement of the particle, Az (m)
is the displacement due to gravitational settling, and Az, (m) is the displacement due to
background currents. For a given time interval, Stokes law predicts that the gravitational
displacement scales with the square of particle diameter, D. We assumed that Az, is
independent of particle size because the particles were sufficiently small. Using the data of
all tracked particles in an image pair, we regressed AZ against D? according to AZ = c¢D? +
Az, (Fig. 2e). We recovered Az, as the intercept and solved for Az (Fig. 2f) for all particles
and image pairs. We discarded the data for which AZ fell into the 95% confidence interval
of the estimated Az,. This filtering retained 222 out of an initial 400 total tracked particles
(56%). We calculated settling velocity for each particle as the mean of Az divided by the
time interval (0.25s).

3.4.5 Rouse-Vanoni Equation Analysis of Sediment Concentration-Depth Profiles

Rouse-Vanoni equation fits to grain size-specific concentration-depth profiles provide
inferred floc cutoff diameter and depth-averaged floc settling velocity (Lamb et al., 2020;
Nghiem et al., 2022). The Rouse-Vanoni equation models the suspended sediment
concentration as a function of height from the bed, z, in a flow of depth h assuming a
balance of gravitational sediment settling and upward turbulent sediment fluxes (Rouse,
1937):
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where Ci (dimensionless) is the sediment volume concentration, Cyi (dimensionless) is
the sediment volume concentration at the near-bed height hy, (m), pi (dimensionless) is the
Rouse number, and the subscript i denotes the ith grain size class. Vertical concentration
stratification increases with Rouse number, p; = wg;/(kfu.), where wsi (m s) is the in
situ grain size-specific settling velocity. The diffusivity ratio, # (dimensionless), is the ratio
of turbulent sediment diffusivity and turbulent momentum diffusivity and accounts for the
fact that sediment does not exactly follow turbulent eddies (e.g., Garcia, 2008). Flux
Richardson numbers, calculated using the settling velocities of flocs and unflocculated
sediment (Sect. 5.8), have a median of 1.5x10* and maximum of 6.6x107?, indicating
limited sediment-induced turbulence damping effects on flow velocity and concentration-
depth profiles (Smith and McLean, 1977; Wright and Parker, 2004).

If # and u, are known, then ws; can be calculated from the fitted pi. Past studies using this
method interpreted the inferred settling velocity for fine silt and clay grain sizes as the floc
settling velocity because it is much faster than the settling velocity theory prediction for
individual grains (Lamb et al., 2020; Nghiem et al., 2022). f is an obstacle to calculating
Wsi because predicting g is still an open question (De Leeuw et al., 2020; Lamb et al.,
2020). g is often assumed to be unity. Deviations from unity have been attributed to
sediment-induced density stratification (Wright and Parker, 2004; Moodie et al., 2020) and
grain size-dependent momentum effects (Carstens, 1952; Csanady, 1963; Graf and Cellino,
2002). Limited evidence shows that the diffusivity ratio for flocs, s, might follow an
existing formulation for solid grains (Izquierdo-Ayala et al., 2021, 2023), but still requires
more investigation. For simplicity, we first assumed g = 1 for flocs and sediment grains.
We re-evaluate Sn with independent floc settling velocity data in Sect. 5.9.

Following Lamb et al. (2020) and Nghiem et al. (2022), we fitted the log-linearized Rouse-
Vanoni equation to grain size-specific concentration-depth profiles (e.g., profiles of the
dispersed grains), an example of which is depicted in Fig. 3a. We converted the sediment
mass concentrations to volume concentrations assuming a sediment density of 2650 kg m™
and used h;, = 0.1h (De Leeuw et al., 2020). For each grain size class, the grain size-
specific concentration is the total sediment concentration times the volume fraction from
the grain size distribution (Sect. 4.1). In order to fit the Rouse-Vanoni equation, we
required the grain size-specific concentration-depth profile to have a nonzero concentration
for all suspended sediment samples in the profile. We estimated the grain size-specific
Rouse number, pi, from the Rouse-Vanoni equation fits. We used shear velocity estimates
(Sect. 4.1) and § = 1 to calculate wsi. Figure 3b shows grain diameter, Dq (m), and wsi for
the concentration-depth profiles with corresponding LISST measurements (Sect. 3). We
identified the floc cutoff diameter, Dy, by eye for each concentration-depth profile as the
diameter below which the inferred settling velocity begins to depart significantly from
conventional settling velocity theory (grain settling velocity, ws, =

(ngDj)/<c1v + /0.75c2RSng3) for c; = 20, and ¢, = 1.1; Ferguson and Church,

2004). We calculated the Rouse-estimated floc settling velocity as the median ws; within
grain diameters finer than Dt (Nghiem et al., 2022).
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Figure 3: Rouse-Vanoni equation results. (a) Example of sediment volume concentration
as a function of height above bed for profile WO spring. We used the full 100 grain size
classes in all calculations, but reclassified the data into 6 classes for this panel only to
improve readability. Curves represent the best-fit Rouse-Vanoni profiles (Eq. 8). Data
scatter likely represents spatiotemporal variations in turbulence, bedforms, and/or other
natural sources of variability. (b) Grain diameter and Rouse-estimated in situ settling
velocity assuming 8 = 1 for concentration-depth profiles with LISST measurements.
Black settling velocity theory curves indicate the Ferguson and Church (2004) model
with an order-of-magnitude above and below. Floc cutoff diameter varies between
concentration-depth profiles and ranges between 10 and 55 pum for the displayed profiles.
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Vertical bars represent the propagated 68% confidence interval on the Rouse number
estimates. Points without vertical bars have confidence intervals that overlap with 0.

3.4.6 Estimating Floc Properties

Here we describe how we combined our grain size distributions (Sect. 4.1) and floc data
(Sect. 4.3-4.5) to calculate floc properties.

3.4.6.1 Floc and Primary Particle Size Distribution and Concentration

Our first goal was to delineate the size distribution and concentration of flocs and primary
particles. To do this, we paired LISST and sediment sample data because they record
mixtures of different types of particles (Fig. 4). LISST measured the size distribution and
concentration of flocs and unflocculated sediment grains together (i.e., in situ particles;
Sect. 4.3). LISST particle volume concentration includes the volumes of mineral sediment
and pores between primary particles within flocs (Mikkelsen and Pejrup, 2001; Livsey et
al., 2022). On the other hand, suspended sediment data represent the size distribution and
concentration of fully dispersed sediment grains, which might have been flocculated in situ.
We paired each suspended sediment sample from the concentration-depth profiles to a
corresponding set of measurements from the concurrent LISST cast. LISST measurements
were assigned when collected within 0.1 m (the sampler radius) of the sample collection
depth. If there were no LISST measurements in this range, then we assigned the 3
measurements closest in depth. We assumed that paired LISST and sediment data
statistically represent the same suspended material, allowing direct comparison between the
distributions and volume concentrations.

Figure 4 illustrates how we divided LISST particle sizes into three zones that either contain
flocs only or both flocs and unflocculated grains to help isolate the floc and primary
particle size distribution and concentration. Zone 1 is defined as particles measured by the
LISST that were coarser than the maximum grain diameter of the dispersed sediment. We
assumed that all particles in zone 1 are flocs because they are larger than any dispersed
sediment grains we measured. Zone 2 is defined as particles measured by the LISST that
are finer than the floc cutoff diameter (Sect. 4.5; Fig. 3b). We inferred that particles in zone
2 were also all flocs under the assumption that all sediment finer than the floc cutoff
diameter was flocculated (Fig. 3b). In reality, some sediment finer than the floc cutoff
diameter might have been unflocculated. However, the enhanced settling velocities inferred
from the concentration-depth profiles imply significant flocculation in these sizes (Fig. 3b),
making complete flocculation a reasonable assumption. Finally, zone 3 lies between zones
1 and 2 and is defined as particles measured by LISST with sizes between the floc cutoff
diameter and maximum grain diameter (Fig. 4). As such, zone 3 likely consists of a mixture
of flocs and unflocculated grains.
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Figure 4: Example of calculating floc size distribution (black) from suspended sediment
grain size distribution (blue) and LISST in situ particle size distribution (orange).
Particles include flocs and unflocculated grains. Zones describe the particles in the
LISST particle size distribution and are demarcated by the floc cutoff and maximum
grain diameters. We identified floc cutoff diameter as the grain diameter at which the
Rouse-estimated settling velocity departs from settling velocity theory for single grains
(Sect. 4.5; Fig. 3b). Maximum grain diameter is the maximum diameter of sediment
grains measured by grain size analysis of fully dispersed sediment (Sect. 4.1). Data
correspond to a suspended sediment sample collected at 1.9 m depth out of 3.8 m total
depth from the GP spring 1 profile (Table 2).

We calculated the floc size distribution and concentration according to the LISST particle
zones (Fig. 4). Floc concentration is the combined volume of primary particles and pores
within flocs divided by the total measured volume. We compared sediment and LISST
volume concentrations. We calculated the LISST particle volume concentration in each
LISST size class by multiplying the particle size fraction and the total particle
concentration. We then calculated the corresponding sediment volume concentration by
interpolating the grain size fraction to match the LISST size class and multiplying the
fraction by the total sediment concentration. According to our assumptions, LISST particle
concentrations in zones 1 and 2 already represent floc concentrations and thus do not
require any adjustment. This is not true in zone 3, so we calculated the floc concentration in
each zone 3 size class by subtracting the particle and sediment volume concentrations.
Finally, we renormalized the floc concentrations across size classes to compute the floc size
distribution (Fig. 4). We calculated floc size distribution and concentration from each
assigned LISST measurement and averaged them to obtain the representative floc size
distribution and concentration for each sediment sample. We took the floc diameter for
each size class, Dsi, to be the geometric mean of the floc diameter at the lower and upper
boundaries of the size class. For each concentration-depth profile, we calculated the depth-
averaged floc size distribution using the trapezoidal rule as described in Sect. 4.1.
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We computed the primary particle size distribution and concentration by truncating the
sediment grain size distribution to the fractions finer than the floc cutoff diameter (Table 1).
Median primary particle diameter, Dy 50 (M), is the median of the primary particle size
distribution associated with each sediment sample. For the semi-empirical model (Eq. 7),
we calculated the depth-averaged median primary particle diameter, Ep_50, as the median
grain size of the depth-averaged grain size distribution (Sect. 4.1) truncated with the floc
cutoff diameter. We calculated the floc bulk solid fraction, ¢ (dimensionless), as the ratio
of the primary particle and floc volume concentrations (e.g., Mikkelsen and Pejrup, 2001;
Guo and He, 2011).

3.4.6.2 Fractal Dimension and Effective Primary Particle Diameter

Our next goal was to estimate the fractal-related terms in the explicit model: fractal
dimension, nt, and effective primary particle diameter, Dp. Our strategy was to link the
explicit model (Eg. 1) and solid fraction theory (Eq. 2), in which ns and D, appear, to mean
settling velocity and bulk solid fraction estimated from data. As follows, we solved for the
nt and Dy that ensure consistency between the bulk solid fraction and mean settling velocity
over the floc size distribution (Sect. 4.6.1).

Estimating ns and Dy requires two equations to calculate those two unknowns. The first
equation is the bulk solid fraction over the floc size distribution using solid fraction theory

(Eq. 2):

n n D i ng—3
5= 0= f (D—f) )
=1 i=1 p

i i

where fj is the volume fraction in the ith floc size class from the floc size distribution and n
is the number of floc size classes (36). We assumed that a single Dy applies across the floc
size distribution, but primary particle diameter might vary with floc diameter (Nicholas and
Walling, 1996). The second equation is the mean settling velocity over the floc size
distribution using the explicit model (Eq. 1):
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which we set equal to the explicit model settling velocity with mean values of input
variables:
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where D_f (m) is the geometric mean floc diameter calculated from the floc size
distribution and Q is the mean drag ratio. Although Eq. (9) and (10a) both use fractal solid
fraction theory (Eq. 2), they are distinct constraints because they integrate over different
parameters (solid fraction in Eq. 9; settling velocity in Eqg. 10). We substituted ¢ in Eq.
(10b) with Eq. (9), set the resulting wg equal to Eq. (10a), and rearranged terms to obtain:

Q np-1
Lfi gDJtllf —2
l
— =D (D
X fiby;
We assumed that the effect of Q/Q; on the summation in Eq. (11) is small and neglected it
(e, X f: (S_E/QL-)D;lf_1 =Y fl-D;lf_l). This assumption is justified because nr estimates

align well with typical ns for natural flocs (Sect. 5.6). As such, ns remains as the only
unknown in Eq. (11) because the rest of the variables, fi, Dsi, and Dy, are all known from the
floc size distribution (Sect. 4.6.1). We numerically solved Eq. (11) to calculate ns for each
sediment sample. We then solved Eq. (9) for Dy using fi, ns, and the known bulk solid
fraction, ¢ (Sect. 4.6.1). We estimated uncertainty on floc concentration, ns, and Dy as the
95% bounds on the bootstrap distribution from 1000 bootstrap replicates of resampling the
assigned LISST measurements that go into the floc size distribution and concentration
(Sect. 4.6.1).

To test the fractal Dp model (Eq. 5), we compared its predictions at different values of the
weighting dimension, ny, to our effective primary particle diameter estimates. We used the
number distribution of primary particle size, rather than the volume distribution, to
calculate the moments in Eq. (5) because primary particles are added one-by-one as flocs
grow. We constructed the number distribution by dividing the volume fraction in each size
class by the cube of the grain diameter and renormalizing the distribution. We also
calculated the number-based median primary particle diameter using the number
distribution to compare with effective primary particle diameter estimates.

3.4.6.3 Drag Ratio

The remaining parameter in the explicit model is the drag ratio, Q. We solved the explicit
model (Eq. 1) for Q using ny, Dp, and floc cam-measured floc diameter and settling velocity
for each floc cam observation (Sect. 4.4). We used these Q estimates to test permeability
models presented in Sect. 2.1. For each permeability model, we identified the range of all
possible Q predictions as a function of fractal dimension, N, to test whether our Q estimates
fall within the range. If D = D,,, then the solid fraction is unity (Eg. 2) for all nt leading to
a maximum Q = 1 (i.e., impermeable floc). The minimum Q, Q,;.,, at a given ns occurs at
the maximal dimensionless permeability, &2, because Q and £~2 are inversely related
(Eq. 3). Although &2, depends on the permeability model, we present the Davies model
only because the Brinkman model yielded similar results (Sect. 5.7). We differentiated the
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Davies model (Eqg. 6) with respect to ¢ to find &2 and, in turn, Q,;,, = Q72 = &,2)
using Eq. (3):

l(i_i)
— 3\3—nf 2

™~ 16 \56 23 — 9n;
3.4.6.4 Floc Settling Velocity Distribution

To find the floc settling velocity distribution associated with each sediment sample, we
used ny, Dp, and Q in the explicit model (Eq. 1) to convert the floc diameters in the floc size
distribution into floc settling velocities. In this calculation, we used a best-fit constant drag
ratio (Sect. 5.7), Q = 0.48, because we were unable to constrain Q for concentration-depth
profiles that lack floc cam observations. For the bins at the fine tail in which Ds; < D,,, we
capped the solid fraction at 1 (Eq. 2). We took the floc settling velocity for each class, wsi,
to be the geometric mean of the floc settling velocity at the lower and upper boundaries of
the class. For each concentration-depth profile, we calculated the depth-averaged floc
settling velocity distribution using the trapezoidal rule as described in Sect. 4.1.

3.5 Results

First, we describe the basic hydrodynamics, sediment properties, and floc observations
from the individual measurement methods (Sect. 5.1-5.4). We then present floc variables
derived from combining data sources (Sect. 5.5-5.8). We compare effective primary
particle diameter and drag ratio to theory and validate them using floc settling velocity
inferred from the Rouse-Vanoni equation fitting (Sect. 5.6-5.9). Finally, we validate the
semi-empirical model and use it to examine environmental controls on floc properties
(Sect. 5.10).

3.5.1 Hydrodynamics

The sampled profiles span a wide hydrodynamic range in WLD because of discharge
seasonality and environment (Fig. 1d; Table 2). The fastest flow occurred at site WO in the
spring (~1.5 m s depth-averaged) upstream of the delta apex in the Wax Lake Outlet,
where the water depth was greatest (30 m) among the sites. Further down the delta, the
distributary channel site GP had slower flow velocity (~0.56 m s** depth-averaged in the
spring) and shallower depth (~3.7 m). At site GP, depth-averaged flow velocity in summer
was about half (~0.2 to 0.3 m s?) of that in spring (Fig. 1d). The island sites were sampled
in the spring only. These sites had the slowest flow velocities (0.024 and 0.12 m s™) out of
the sampled sites with water depths of ~0.6 m. Shear velocity generally increased with flow
velocity, ranging from ~0.006 (in the island) to ~0.1 m s (in Wax Lake Outlet). Near-bed
Kolmogorov microscale varied inversely with the shear velocity from 150 to 600 pm.
Water chemistry measurements show a median salinity of 0.25 ppt and a maximum of 0.29
ppt, confirming that the water was fresh (< 0.5 ppt).
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Table 2: Metadata and hydrodynamic data of sediment concentration-depth profiles with
paired LISST data (Sect. 3). Boldface profile name indicates that we collected floc cam
images for the profile. Shear velocity uncertainty indicates the 95% confidence interval

on the law of the wall fit (Sect. 4.1).

Profile | Date | Number | Wat | Depth- | Shear | Near-bed | Depth- Floc
name | (yyy | of er averag | velocit | Kolmogor | averaged cutoff
(Site + | y- suspend | dept |edflow | y(ms | ov suspended | diamet
season | mm- |ed h velocit | 1) microscal | sediment er
+ dd) sedimen | (m) |y(ms e (um) volume (um)
index) t D) concentrati
samples on (x10)
GP 2021 |9 3.8 055 0.071 | 150 5.2 20
spring | -03- +
1 27 0.011
WO 2021 | 6 30 15 0.092 | 220 6.9 55
spring | -03- +
30 0.007
2
M2 2021 |5 0.64 | 0.12 0.031 | 180 55 30
spring | -04- +
02 0.018
M1 2021 |5 0.59 | 0.024 |0.006 | 600 4.7 35
spring | -04- 1+
02 0.002
6
GP 2021 | 6 35 057 0.054 | 180 6.2 10
spring | -04- +
2 02 0.014
GP 2021 | 6 34 10.22 0.025 | 330 0.69 20
summe | -08- +
ri 18 0.013
GP 2021 | 8 34 1034 0.022 | 360 0.54 20
summe | -08- +
r2 20 0.006
5
GP 2021 | 10 32 025 0.019 | 390 0.54 25
summ | -08- *
er3 22 0.007
0

3.5.2 Sediment Concentration-Depth Profiles
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Depth-averaged suspended sediment was muddy (~90% mud) and more concentrated in
the spring (~6x10° volume concentration) than in the summer (~6x10) because of
discharge seasonality (Table 2). The grain size-specific concentration-depth profiles reveal
higher concentration closer to the bed for sand, a pattern consistent with Rouse-Vanoni
theory (Eq. 8; Fig. 3a). Mud was also stratified despite the expectation of a uniform
concentration-depth profile if mud settled as individual grains (Eq. 8), indicating likely
flocculation.

The grain diameter versus in situ settling velocity trend from the Rouse-Vanoni equation
fitting shows that sediment finer than 10 to 55 um (i.e., the floc cutoff diameter) was
appreciably flocculated at the eight main sample profiles (Fig. 3b; Table 2). Enhanced
settling velocity in the grain sizes finer than the floc cutoff diameter is consistent with
Lamb et al. (2020) and Nghiem et al. (2022) and indicates the presence of flocculation.
Conversely, in situ settling velocity follows theory well for grain diameters coarser than the
floc cutoff diameter and indicates the absence of flocculation. Although the g = 1
assumption makes the precise in situ settling velocity values inaccurate, we expect the floc
cutoff diameter to be robust because it marks an abrupt change in the settling velocity
pattern.

3.5.3 LISST Particle Size Distribution and Concentration

To demonstrate results prior to additional processing (Sect. 4.6.1), Figure 5 shows the raw
LISST-measured in situ particle concentration and size distribution observations. The
concentration profiles of flocs and unflocculated sediment (i.e., in situ particles) measured
by LISST had little systematic vertical variation except for the site GP profiles in the spring
in which the concentration increased slightly closer to the bed (Fig. 5a). In the spring, the
particle volume concentration was ~3x10 to 5x10 for all sites except for site M1, which
had a slightly smaller concentration of ~2x10 to 3x10™. In the summer, particle volume
concentration at site GP was much smaller at ~5x107 to 8x107° because of the relatively
lower discharge.

Channel sites (WO and GP) had median particle diameters of ~50 to 90 um, while island
sites (M1 and M2) had median particle diameters of ~35 pm, all with minimal vertical
variation (Fig. 5b). Depth-averaged particle size distributions were similar across the
channel sites for both the spring and summer while the island distributions were skewed
toward finer particles (Fig. 5¢). The fraction of particles coarser than the floc cutoff
diameter ranged from ~0.10 to 0.50. The median depth-averaged particle diameter from the
LISST ranges from about 3 to 15 times larger than the median grain diameter of the
dispersed sediment (Fig. 5d), implying the presence of flocculation.
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Figure 5: LISST results for in situ particles, which include flocs and unflocculated
sediment. (a) Profiles of in situ particle volume concentration from LISST, binned into
12 vertical classes (Sect. 4.3). Horizontal bars represent the 95% bootstrap uncertainty.
(b) Profiles of median in situ particle diameter from LISST, binned into 12 vertical
classes. Horizontal bars represent the span of the D1e and Dgs particle diameters, the
diameters for which 16% and 84% of particles are finer, respectively. (c) Cumulative
distribution functions of depth-averaged particle diameter from LISST. (d) Median
depth-averaged grain diameter from sediment samples and median depth-averaged
particle diameter from LISST. The legend in panel ¢ applies for all panels.

3.5.4 Floc Cam
Tracked particles imaged by floc cam had diameters of ~70 to 200 pm and settling

velocities of ~0.1 to 1 mm s (Fig. 6), but we did not know a priori whether these particles
were flocs because the image quality did not permit a visual determination. To test whether
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tracked particles were flocs, Figure 6 compares diameter and settling velocity because,
unlike flocs, solid non-cohesive grains follow conventional settling velocity theory
(Ferguson and Church, 2004). We concluded that tracked particles were flocs because, for
a given diameter, measured settling velocities are slower than settling velocity predictions
of solid grains due to the fact that flocs are less dense than sediment grains. Measured
settling velocities also are up to one order-of-magnitude faster than the predicted settling
velocity of a typical 8-um mud primary particle, also indicating flocculation.

season site
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Figure 6: Diameters and settling velocities of floc cam-measured particles, which we
inferred to be flocs. Vertical bars indicate the propagated mean standard error on the
background displacement estimate (Sect. 4.4).

3.5.5 Floc Concentration, Size Distribution, and Bulk Solid Fraction

As described in Sect. 4.6.1, we paired concentration and size distribution data for sediment
and in situ particles to isolate the floc concentration and size distribution (Table 1). Floc
volume concentration was ~3x10 to 5x10 for the sites in the spring except for site M1,
which had a smaller concentration of ~2x10* (Fig. 7a). All floc concentrations in the
summer were far smaller than those in the spring at ~5x107 to 8x107 because of the
relatively lower discharge. These concentration trends are similar to those for the particles
(Sect. 5.3).



normalized height from bed, z/h

cumulative fraction finer

normalized height from bed, z/h

94

1.00 4 . -
h
0.751 i
{ A\l ‘.L
0.504 i
r
0.25 .
1
000- T T T o T 7 1 IIIIII! 1 L Illllli 1
1 2 3 4 5 1078 107
floc volume concentration (x104) median floc diameter (m)
1004 ¢ 1d )
=3
0.75 1 . g
)
3
Q
0.50 1 . g
5
o]
0.25 - §
o)
000- 1 ] IIlIIl! 1 1 llllll! 1 1 IIl -I 11 IIIII 1 llIlIII! 1 1 Illlll!é“. 1 L1
10° 10" 107 107 10°
depth-averaged floc diameter (m) ratio of depth-averaged floc diameter
and near-bed Kolmaogorov microscale
1.00 4 e
0.75 1
season site
0.501 ®  spring <+ WO
4 summer & GP
0.25- - M
- M2
0.00
0.1 0.2 0.3

bulk solid fraction, ¢



95
Figure 7: Floc concentration, size, and bulk solid fraction results. (a) Profiles of floc
volume concentration. Horizontal bars represent the 95% bootstrap uncertainty. (b)
Profiles of median floc diameter. Horizontal bars represent the span of the D1 and Dga4
floc diameters. (c) Cumulative distribution functions of depth-averaged floc diameter. (d)
Cumulative distribution functions of the ratio of depth-averaged floc diameter and near-
bed Kolmogorov microscale. (e) Profiles of bulk solid fraction. Horizontal bars represent
the 95% bootstrap uncertainty.

Median floc diameter, Dt 50 (M), was ~50 to 90 um for channel sites and ~20 to 30 um for
island sites with little vertical variation (Fig. 7b). Overall, flocs were ~1 to 100 um in
diameter (Fig. 7c). Depth-averaged floc size distributions at the channel sites were similar
for spring and summer (Fig. 7c). In contrast, the floc size distributions at the island sites
were enriched in finer flocs. ~88 to 100% of flocs by volume were smaller than the near-
bed Kolmogorov microscale (Fig. 7d), consistent with the idea that the Kolmogorov
microscale sets the maximum floc size (Van Leussen, 1988; Kuprenas et al., 2018). Flocs
larger than the near-bed Kolmogorov microscale might either break up once they reach the
elevated near-bed shear stress or, if they are sufficiently strong, withstand breakage and
deposit on the bed (Mehta and Partheniades, 1975). Floc cam observations yield a median
floc Reynolds number of 0.05, indicating minor inertial effects and justifying neglect of the
inertial term in the explicit model (Strom and Keyvani, 2011).

After isolating the primary particle and floc volume concentrations (Sect. 4.6.1), we took
the ratio of the concentrations as the floc bulk solid fraction. Bulk solid fraction ranged
from ~0.05 to 0.3 and showed little systematic vertical variation (Fig. 7e). Bulk solid
fraction in the island was typically higher (> 0.1) than that in the channel (< 0.1) because
flocs in the island were finer (Fig. 7bc) and hence denser (Eq. 2) than those in the channel.
Bulk solid fractions at WO spring were larger than those at GP because faster shear
velocity at WO suspended coarser primary particles (Fig. 8; Table 2). Overall, these bulk
solid fractions agree with prior floc density measurements (e.g., Van Leussen, 1988).

3.5.6 Fractal Dimension and Effective Primary Particle Diameter

Figure 8a displays fractal dimension, ny, and effective primary particle diameter, Dp, two
key explicit model parameters that we derived using the floc size distribution and bulk solid
fraction (Sect. 4.6.2; Table 1). nt is narrowly constrained to ~2 to 2.15, which is well within
the expected range of 1.7 to 2.3 for natural flocs (Tambo and Watanabe, 1979; Winterwerp,
1998). We deemed ns = 2.1 to be representative. Smaller n¢ in the island compared to that in
the channel might indicate floc response to changes in factors like turbulence, sediment
concentration, organic matter, and water chemistry. Effective primary particle diameter, Dp,
ranges from ~1 to 3 pm with a typical value of 2 um. The range of Dp is similar across
sampling sites except for at WO spring where all D, exceeded 2 um because of the faster
shear velocity. No clear trend is apparent between ns and Dp.
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Figure 8: (a) Fractal dimension and effective primary particle diameter. Horizontal and
vertical bars represent the 95% bootstrap uncertainty. Bars are smaller than the points
where they are not visible. (b) Effective primary particle diameter, Dp, model
comparison. We calculated median primary particle diameters from volumetric (Sect.
4.6.1) and number-based (Sect. 4.6.2) primary particle size distributions. We calculated
fractal Dp using Eqg. (5) on number-based primary particle size distributions (Sect. 4.6.2)
and varied the weighting dimension, ny, between 0 and 3. Measured D, were estimated
from data (Sect. 4.6.2).

Figure 8b shows that the median primary particle diameter, Dps0, and the volume-weighted
fractal Dp (Eq. 5 with n,,, = 3) both overpredict our Dy estimates. Smaller values of ny
improve the comparison between Eqg. (5) and measured Dy (not shown) until the best
agreement is achieved at n,, = 0 (i.e., number weighting). The number-weighted fractal D,
(median = 1.6 pm) best predicts Dp (median = 1.7 pm) within a factor of about 3. Potential
error in converting a volume-based size distribution to a number-based distribution might
be responsible for the residual misfit between the number-weighted fractal D, and
measured Dp. In contrast, past studies used the median primary particle size diameter as the
effective primary particle diameter (e.g., Syvitski et al., 1995; Strom and Keyvani, 2011).
The volumetric median is biased a factor of about 2 to 6 larger than measured Dy.
Conversely, the number-based median is biased low compared to measured Dp. These
results indicate that the median is a poor representation of Dp.
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3.5.7 Drag Ratio

We estimated the final unknown in the explicit model, the drag ratio, Q, by solving the
explicit model (Eg. 1) with nt, Dp, and floc cam-measured diameter and settling velocity
(Sect. 4.6.3; Table 1). Overall, Q estimates span a wide range from ~0.15 to 1 with a mean
of 0.48 (Fig. 9a), indicating that permeability enhances floc settling velocity and reduces
floc drag force by up to a factor of 7. High variability in Q exists even within the same floc
cam deployment. Although some Q values exceed 1, ~91% of the data fall between 0 and 1
indicating that our estimates are physically reasonable.

We used our Q measurements to test the ability of permeability models to predict drag
ratio. We first tested four existing models, the Brinkman and Davies models and their Li
and Logan variants (Sect. 2.1), but only present the Davies model and its Li and Logan
modification because the other models yielded similar results. Figure 9a shows fractal
dimension and drag ratio for each floc cam observation against the field of all possible
model predictions defined by the zone between Q.;, (Eg. 12) and 1 for the Davies model
and its Li and Logan variant. The zone is the same for the two models because Q.,;, only
depends on fractal dimension (Eq. 3; Eq. 12). As a result, the Li and Logan strategy,
replacing Dy with a larger cluster diameter, D¢, does not affect the range of Q predictions.
Both models are largely incompatible with the data because ~88% of the data (excluding
Q > 1 data) lie below the zone of possible Q.

The discordance between our measured values of Q and the Davies model is probably
because natural flocs violate the model assumptions of uniform porosity and a single
primary particle size. However, a complete 3-D rendering of floc structure is generally
impractical, making a full model of non-uniform flow paths difficult to implement. Instead,
we explored an empirical approach to modify the Davies model (Eq. 6) by replacing ¢ with
a permeable solid fraction, ¢,., but keeping the same D,,/Ds. That is,

£2 = (’;—f) [16915(1 + 560311 (13)

where the permeable solid fraction, ¢, = (Df / Dp)nr_B, and ny is the permeable fractal
dimension (analogous to Eq. 2). This permeable solid fraction model gives another degree
of freedom, ¢, or ny, to capture potential impacts of non-uniform porosity and primary
particle size distribution on permeability. Unfortunately, we could not predict ¢,
independent of Q. Instead, we inverted our Q estimates for values of ¢, and n, that yield a
perfect match between Q theory (Eq. 3, 6, and 13) and observations (Fig. 9a). Figure 9b
shows these optimal values of ¢,.. In most cases, ¢, is smaller than ¢ (median ¢,/ =
0.10; IQR/2 = 0.08). We interpreted this result to indicate that ¢,. represents the subset of
primary particles that set the main through-flow conduits because not all primary particles
contribute to through-flow and drag (see Sect. 6.3 for more discussion). nr estimates range
between 1.06 and 2.79 with a median of 1.53. The fact that all n, values fall within the
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physically meaningful range of 1 to 3 supports using the permeable solid fraction model
(Eq. 13) to overcome the assumptions in the Davies model.
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Figure 9: Drag ratio results from combining the explicit model and floc cam-measured floc
settling velocity. (a) Fractal dimension and measured drag ratio. The shaded area indicates
the field of all possible drag ratios under the Davies model (Eq. 6) and its Li and Logan
modification. Drag ratio bars indicate the propagated mean standard error on the
background displacement estimate (Sect. 4.4) and propagated 95% bootstrap uncertainty
on ns and Dp. (b) Solid fraction and permeable solid fraction according to the permeable
solid fraction model based on the Davies model. Horizontal bars represent the propagated
95% bootstrap uncertainty on nsand Dp. The legend in panel a applies for all panels.

3.5.8 Floc Settling Velocity

To calculate floc settling velocity distributions, we used the measured nr, Dp, and Q in the
explicit model to convert the floc size distributions (Sect. 4.6.4). We used a best-fit
constant Q = 0.48 because we only had Q estimates for the four concentration-depth
profiles with paired floc cam measurements (Fig. 9a; Table 2). Median floc settling
velocities at the channel sites in spring and summer were ~0.1 to 0.5 mm s (Fig. 10a).
Island sites had median floc settling velocities of about 0.1 mm s, with a substantial
fraction of floc settling velocity of order 0.01 mm s™. No systematic vertical trends in
median settling velocity are apparent. Depth-averaged floc settling velocity broadly ranged
from ~0.1 to 1 mm s (Fig. 10b). Finer floc sizes (Fig. 7c), despite larger bulk solid
fractions (Fig. 7e), in the island caused slower floc settling velocity in the island compared
to that in the channels (Fig. 10b).
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Figure 10: Floc settling velocity results. (a) Profiles of median floc settling velocity.
Horizontal bars represent the span of the 0.16 and 0.84 quantile floc settling velocities.
(b) Cumulative distribution functions of depth-averaged floc settling velocity. The
legend in panel b applies for all panels.

3.5.9 Validating the Explicit Model

We compared Rouse-estimated floc settling velocities (Sect. 4.5) and explicit model
predictions as an integrated test of the estimated nt, Dp (Sect. 5.6), and Q (Sect. 5.7)
because these settling velocity estimates are independent. Figure 11 shows that Rouse-
estimated floc settling velocity displays a linear trend with the median from the explicit
model albeit with some scatter largely from the non-GP sites. Although we assumed a floc
diffusivity ratio, fr, of unity to calculate the Rouse-estimated floc settling velocities (Sect.
4.5), the data indicate that B, = 0.65 optimizes the correlation between the settling
velocities. Br; = 0.65 is realistic because it falls within the ranges of previously estimated
diffusivity ratios (Nghiem et al., 2022) and diffusivity ratio models (e.g., De Leeuw et al.,
2020). As a result, we concluded that the Rouse-estimated settling velocity validates well
our explicit model parameter estimates.
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Figure 11: Rouse-estimated floc settling velocity, using 5¢;, = 1, and median depth-
averaged floc settling velocity computed using estimates of ns, Dp, and Q in the explicit
model. B, = 0.65 indicates the best-fit floc diffusivity ratio. Vertical bars indicate the
95% confidence interval on shear velocity (Sect. 4.1) and standard deviation of Rouse-
estimated floc settling velocity (Sect. 4.5).

3.5.10 Validating the Semi-Empirical Model

Figure 12 shows the validation of the semi-empirical model. We compared the semi-
empirical model predictions (Eg. 7; Nghiem et al., 2022) and the observed floc cutoff
diameter (sediment concentration-depth profiles, Rouse-Vanoni theory; Sect. 4.5), floc
settling velocity (floc cam, Sect. 4.4; LISST combined with sediment sample data, Sect.
4.6.4), and floc diameter (LISST combined with sediment sample data; Sect. 4.6.1). We
used the median of the depth-averaged distribution for floc settling velocity and floc
diameter in the comparison because the semi-empirical model was calibrated on depth-
averaged data (Nghiem et al., 2022). The semi-empirical model predicts the floc cutoff
diameter well within a factor of ~2 of measurements and captures the overall data trend
(Fig. 12a). Floc settling velocity predictions of the semi-empirical model agree well in a
factor of 2 with the floc cam and LISST-based floc settling velocity measurements (Fig.
12b). Since we used the explicit model to calculate floc settling velocity distribution (Sect.
4.6.4), Fig. 12b also confirms the consistency between the semi-empirical and explicit
models. The floc diameter results indicate that the semi-empirical model predicts
adequately within a factor of 2, albeit with a limited number of data points (Fig. 12c). The
reasonable performance of the semi-empirical model against direct measurements in WLD
validates the model.
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model. Vertical bars represent the 95% confidence interval of predictions. The floc cam
data have the same predicted floc settling velocity because they represent a single floc
cam deployment. Data for which water chemistry was not measured are omitted because
they lack semi-empirical model predictions, which explains the absence of floc cam data
in panel c.

To demonstrate environmental effects on flocculation, we followed Nghiem et al. (2022)
and plotted the predictors in the semi-empirical model against the floc cutoff diameter
(normalized to remove the effects of other variables and by the median) because the floc
cutoff diameter model (Eq. 7a) displays the best correlation with measurements (Fig. 12).
We expect similar patterns for floc settling velocity and diameter because the floc variables
correlate with each other (Nghiem et al., 2022). Turbulence, through the Kolmogorov
microscale, limits floc size and settling velocity (Fig. 13a; Fig. 7d) because the semi-
empirical model assumes that floc growth and breakage rates are balanced (Nghiem et al.,
2022). As depth-averaged median primary particle diameter increases, coarser and faster
settling grains can be added to flocs (Fig. 13b). Higher sediment concentration enhances
flocculation by increasing particle collision rate (Fig. 13c). The effect of organic matter, as
quantified by the organic cover fraction, 9, promotes flocculation at low values, but is
predicted to have an opposite effect once 8 > 0.5 because high organic coverage stabilizes
sediment surfaces from aggregation (Fig. 13d). Sediment Al/Si and relative charge density,
@, vary inversely with floc properties because they might preferentially cause clay
flocculation and exclude faster settling silt grains from flocs (Fig. 13ef). These trends for
WLD are similar to those found for global rivers (Nghiem et al., 2022).
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3.6 Discussion

3.6.1 Leveraging Multiple Floc Data Sources

By combining three floc data sources (in situ laser diffraction, camera, sediment
concentration-depth profiles), we overcame the limitations of the individual data sources
and derived a nearly complete accounting of floc properties, including floc diameter, solid
fraction, floc settling velocity, fractal dimension, effective primary particle diameter, and
drag ratio. In situ laser diffraction data alone are limited because they record a mixture of
flocs and unflocculated sediment grains (e.g., Livsey et al., 2022). We developed a
technique to isolate floc concentration and size distribution by separating flocs and
unflocculated grains (Fig. 4) using in situ laser diffraction data and sediment concentration-
depth profiles (Sect. 4.6.1). From this technique, we also computed primary particle
concentration and size distribution and floc bulk solid fraction (i.e., ratio of primary particle
and floc concentrations).

In past studies, a key knowledge gap was the role of effective primary particle diameter and
drag ratio on floc settling velocity in the explicit model (e.g., Strom and Keyvani, 2011)
because camera-measured floc diameter and settling velocity data alone were insufficient to
separate those variables. We leveraged floc size distribution and bulk solid fraction to
compute fractal dimension and effective primary particle diameter (Sect. 4.6.2). With an
independent estimate of effective primary particle diameter, we could then use fractal
dimension and floc cam-measured floc diameter and settling velocity to estimate drag ratio
(Sect. 4.6.3). Our ability to disentangle effective primary particle diameter and drag ratio
thus paved the way to test theory.

Although our data synthesis proved successful at furnishing many floc properties and holds
good potential for future field studies, it still has limitations. We could only estimate a
single effective primary particle diameter for each floc size distribution, but the effective
primary particle diameter might vary within the floc size distribution especially at the fine
tail where floc and effective primary particle diameters might be on a similar scale. There is
some uncertainty combining LISST and suspended sediment sample data. We assumed that
they measured statistically equivalent material because they did not strictly measure the
exact same material. We assumed that all sediment finer than the floc cutoff diameter was
flocculated across the water column (Sect. 4.5), but some fraction of this sediment could
actually be unflocculated. We could not determine this fraction with our data.

3.6.2 Predicting Floc Settling Velocity

The explicit and semi-empirical floc settling velocity models are consistent with each other
(Fig. 12b), indicating that model choice depends on the scale of interest and data
availability. The explicit model is at the scale of the individual floc whereas the semi-
empirical model is depth-averaged. We were able to compare the models because the
depth-averaged floc settling velocity distributions represent a depth-averaging of the
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explicit model, which was used to calculate floc settling velocity distributions (Sect.
4.6.4). The semi-empirical model has the advantage of relying on geochemical data that
can be easier to measure compared to the floc parameters in the explicit model.

Although we used joint camera, in situ particle sizing, and suspended sediment
concentration and grain size distribution profiles to constrain effective primary particle
diameter and drag ratio in the explicit model, we suggest that the explicit model can still be
used to predict floc settling velocity given only suspended sediment grain size distribution
and floc diameter (e.g., through camera or in situ particle sizing data). The primary particle
size distribution can be obtained from the suspended sediment grain size distribution by
choosing a floc cutoff diameter (in the range of ~10 to 50 um; Nghiem et al., 2022) and
removing coarser sediment from the distribution (Sect. 4.6.1). The fractal dimension of
natural flocs can be assumed to be 2 (Winterwerp, 1998). The fractal dimension and
primary particle size distribution feed into Eq. (5) with n,, = 0 to predict effective primary
particle diameter. Predicting drag ratio remains a challenge because prior analytical
permeability models were inconsistent with our drag ratio estimates (Fig. 9a). Q can be
constrained based on additional field measurements, as done here, or left as a tuning
parameter.

The semi-empirical model predicts floc cutoff diameter, diameter, and settling velocity as a
function of water chemistry, organic matter, sediment mineralogy and concentration, and
turbulence in the absence of a purely mechanistic theory to link these factors. The full
unsteady form of the semi-empirical model, along with existing dynamic flocculation
models (e.g., Xu et al., 2008; Son and Hsu, 2011; Shen et al., 2018), can be used to predict
floc settling velocity through time and space in a sediment transport model. However, this
approach can be computationally expensive and require parameters that are difficult to
constrain. Our analysis suggests the assumption of local equilibrium is a reasonable
simplification to predict floc properties because our observations are consistent with the
equilibrium semi-empirical model (Fig. 12). This fact implies that flocs quickly adjust to
their local conditions, a behavior that has some experimental evidence (Tran et al., 2018).
In fact, we suggest that using a single constant floc settling velocity for the mud settling
velocity (Roberts et al., 2000; Braat et al., 2017) might be reasonable in alluvial channels
because tradeoffs between turbulence, sediment concentration, and primary particle size
and mineralogy might offset each other (Sect. 6.4).

3.6.3 Role of Effective Primary Particle Diameter and Drag Ratio on Floc Settling
Velocity

Our results indicate that the effective primary particle diameter best follows the number-
weighted fractal Dp model (Eq. 5 with n,, = 0; Fig. 8b). In contrast, the volume-weighted
fractal Dp (n,, = 3) is biased high compared to measured D,. Regardless of nw, the fractal
Dp model (Eq. 5) ensures that the effective primary particles occupy the same ns-
dimensional space as the original primary particles. The choice of ny relies on the relevant
physical dimension (Bushell and Amal, 2000). The number-weighted version (n,, = 0)
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indicates that the number of effective primary particles matches the number of original
primary particles in the floc under fractal theory (Bushell and Amal, 2000). On the other
hand, n,, = 3 means that the total primary particle volume is conserved. The fact that the
number-weighted fractal D, outperforms the volume-weighted version implies that
conserving the number of primary particles, rather than the primary particle volume, is
critical for the effective primary particle diameter. This conclusion is counterintuitive
because we calculated Dy using fractal theory for solid fraction (Eq. 9), which is a volume-
based metric. However, the number of primary particles might be more important because
the fractal solid fraction theory (EqQ. 2) assumes that the number of primary particles
follows fractal scaling (Kranenburg, 1994). In contrast, past work treated D, as an average
length scale of primary particles (Syvitski et al., 1995; Strom and Keyvani, 2011). If one
assumed Dy is the volumetric median, then one would overestimate the solid fraction and
floc settling velocity by a factor dependent on the fractal dimension (Eq. 1 and 2). In our
data, this factor ranges from ~1.7 to 15 and has a median of 3.3.

We used a new permeable solid fraction model to determine the physical reason our drag
ratio estimates are incompatible with existing permeability models. Natural flocs are
distinct because they have non-uniform porosity (Eq. 2) and a primary particle size
distribution. These features probably caused the much smaller drag ratios (higher
permeability) than could be predicted by prior permeability models (Fig. 9a). The Li and
Logan strategy attempts to account for non-uniform porosity by replacing the effective
primary particle diameter with a larger cluster diameter representing the clusters that form
the main flow paths through the floc. However, this approach is very limited, as recognized
by Kim and Stolzenbach (2002). The increase in permeability caused by the Li and Logan
modification is small because an effective increase in the solid fraction partially offsets
larger pores caused by primary particle clustering. Kim and Stolzenbach (2002) found that
the original Davies model (Eq. 6) performed well at predicting the hydrodynamic drag on
fractal aggregates with non-uniform porosity, suggesting that the Davies model is suitable
for flocs in contrast to our findings (Fig. 9a). If non-uniform porosity caused by fractal
structure is not the source of the discrepancy between our drag ratio estimates and the
Davies model, then it is likely the primary particle size distribution because Kim and
Stolzenbach (2002) did not test aggregates containing many primary particle sizes. The
permeable solid fraction model offers a physical explanation because the permeable solid
fraction is, on average, 10% of the true solid fraction (Fig. 9b). This result suggests that a
subset of the primary particles composes the portion of the floc structure (characterized by
the permeable fractal dimension) responsible for conducting flow through the floc. The rest
of the primary particles might be shielded from the flow because of their configuration with
respect to adjacent larger particles and do not contribute to permeability. The configuration
of organic matter within flocs might also affect permeability by controlling flow paths. It is
difficult to study all these effects because the complete floc structure must be known, but
recent advances in 3-D floc imaging might facilitate more detailed studies (Lawrence et al.,
2022; Lawrence et al., 2023).
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Although the drag ratio estimates depend on the assumed floc shape, floc shape is not
responsible for the inability of existing permeability models to reproduce the drag ratio.
Floc shape affects the shape factor, b;, in the explicit model. Larger values of b, cause
smaller drag ratio estimates (Sect. 4.6.3). Stokes law shows that b; = 18 (Stokes, 1851) for
an impermeable sphere (Q = 1). Strom and Keyvani (2011) suggested that by ~ 20 is
suitable for flocs with n; < 2, but b; = 120 for flocs with n, > 2.5. Regardless of the
precise value of by, particle shape effects only cause b; > 18 because shape irregularities
induce more drag (McNown and Malaika, 1950; Dietrich, 1982). We used a relatively low
value of b; = 20 (Ferguson and Church, 2004) to calculate the drag ratio. Higher b; would
only further amplify floc permeability and widen the discrepancy with theory.

3.6.4 Environmental Controls on Flocculation

The semi-empirical model trends in Fig. 13 show the major environmental controls on flocs
in WLD and globally. However, these variables are not independent. We hypothesize that
turbulence causes correlation and feedbacks between these factors through sediment
entrainment and settling dynamics in alluvial systems. To test this hypothesis, Figure 14
compares Kolmogorov microscale, which scales inversely with turbulence intensity, and
semi-empirical model parameters. For rivers and WLD channels, Kolmogorov microscale
correlates with finer primary particle diameter and higher Al/Si because more turbulent
flows (smaller microscale and higher shear velocity) entrain and suspend coarser sediment
(Fig. 14ab). Coarser primary particles have distinct mineralogy (lower Al/Si) than finer
grains. Higher mud concentration corresponds to smaller Kolmogorov microscale because
higher fluid stress entrains more sediment from the bed (Fig. 14c). Flows with higher
turbulent energy can also maintain faster-settling flocs, if conditions permit their formation,
in the water column (Eq. 8; Dunne et al., 2024). All else equal, these interactions indicate
that higher turbulence intensity correlates with larger floc cutoff diameter, faster floc
settling velocity, and larger floc diameter (Eqg. 7) in alluvial channels. However, increases
in turbulence intensity offset these effects because they cause floc breakage at equilibrium,
leading to a negative feedback. These patterns are not evident in the WLD island because
variables are poorly correlated with Kolmogorov microscale (Fig. 14) potentially owing to
more complicated two-dimensional and unsteady effects on sediment transport (Geleynse
et al., 2015; Bevington et al., 2017).

We argue that turbulence is the overriding variable controlling flocculation in global rivers
and the channels of WLD because it not only directly affects particle collisions, floc
breakage (Winterwerp, 1998), and flow competence with respect to flocs, but also sets
concentration and primary particle size and mineralogy. The negative feedback
demonstrates that flocculation can buffer partially against spatiotemporal changes in
turbulence, a mechanism that might explain observations of limited floc settling velocity
variation (~0.2 to 0.6 mm s!) across seasons in the Mississippi River (Osborn et al., 2023)
and, more broadly, the limited global variation of ~0.1 to 1 mm s (e.g., Hill et al., 2000;
Mikkelsen et al., 2007; Nghiem et al., 2022).
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Figure 14: Kolmogorov microscale and (a) depth-averaged median primary particle
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on shear velocity. In panel b, vertical error bars indicate the 95% confidence interval on
Al/Si estimates. River floc data are omitted in panel b because most Al/Si data compiled
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profile and hydrodynamic surveys.

In contrast to the other semi-empirical model inputs, organic cover fraction and relative
charge density vary less and are not responsible for the bulk of the variability in floc
parameters (Fig. 13). This does not imply that they are unimportant for flocculation.
Instead, we propose that they are allogenic catchment-wide controls on flocculation and
vary over longer time scales. For example, tectonic activity and climate change can alter
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biological productivity and chemical weathering intensity on the catchment scale
(Geider et al., 2001; West et al., 2005), altering the organic cover fraction and relative
charge density through changes in organic carbon loading on sediment and water chemistry
(e.g., Galy et al., 2008). These effects are not directly linked to turbulence feedbacks,
implying that they can cause persistent changes in floc properties that are not
simultaneously offset. In fact, organic matter might modulate turbulence and force a
positive feedback that increases floc size and settling velocity because biological cohesion
can limit bedform size and hence reduce the turbulent shear (i.e., increase Kolmogorov
microscale) associated with bedforms (Malarkey et al., 2015; Parsons et al., 2016). In
contrast, Kolmogorov microscale, sediment concentration, Al/Si, and primary particle size
vary autogenically on shorter flood-to-seasonal discharge time scales because they adjust
together in response to discharge and sediment dynamics within the alluvial system (e.g.,
Phillips et al., 2022).

3.7 Conclusion

Flocculation controls the transport and distribution of mud across rivers and wetlands by
increasing the effective mud settling velocity. To test theory controlling floc settling
velocity, we combined multiple floc data sources—a camera, in situ LISST particle size
and concentration, and sediment concentration-depth profiles—in the freshwater Wax Lake
Delta, LA. We not only calculated commonly constrained floc properties like diameter,
settling velocity, and fractal dimension, but also made novel field measurements. Key
advances of the data synthesis include isolating floc concentration and size distribution in
in situ laser diffraction data and computing hitherto poorly constrained variables: effective
primary particle diameter and drag ratio. We observed flocs in WLD with median
diameters of 30 to 90 pwm, bulk solid fraction of 0.05 to 0.3, and settling velocities on the
order of 0.1 to 1 mm s with little vertical variation. Flocs included grains up to 10 to 55
um in diameter. Flocs in channels tended to be larger and lighter, while flocs in an island
wetland tended to be smaller and denser. On average, floc diameter and settling velocity
were an order-of-magnitude larger than those of primary particles. We used this data to
validate and calibrate an explicit floc settling velocity model based on Stokes law and a
semi-empirical model, which relies on hydrodynamic and geochemical data.

Using the new complete dataset of floc attributes, we tested theory for two key unknowns,
effective primary particle diameter and drag ratio, in the explicit model. Effective primary
particle diameter varied between 1 and 3 um and had a typical value of 2 um. We verified a
fractal model for effective primary particle diameter that conserves the number and fractal
space of the original primary particles (Fig. 8b), demonstrating that the effective primary
particle diameter is not a simple characteristic length scale (i.e., median) as previous studies
assumed. The volumetric median primary particle diameter systematically overestimates
the effective primary particle diameter by an average factor of 2 and up to a factor of 6,
leading to overestimates of floc solid fraction and settling velocity. Floc permeability,
quantified by the drag ratio, has been little explored for natural flocs. The mean drag ratio
was 0.48, but drag ratio ranged between 0.15 and 1 (Fig. 9a). These drag ratios indicate
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enhanced floc settling velocity by a mean factor of 2 and up to a factor of 7. The drag
ratio estimates do not conform to prior permeability theory because the theory does not
consider a primary particle size distribution. Instead, a new permeable solid fraction model
suggests that only some primary particles are relevant for permeability because primary
particle size interactions might shield other primary particles from the main flow paths
(Fig. 9b).

We tested the semi-empirical model for the first time using direct measurements of flocs.
Our data validate the semi-empirical model because it predicts floc cutoff diameter, floc
settling velocity, and floc diameter all within a factor of 2 of the measured field data. We
also showed that its floc settling velocity predictions are consistent with those of the
explicit model. The semi-empirical model reveals that turbulence, sediment concentration
and mineralogy, organic matter, and water chemistry control flocculation in WLD and
suggests that flocs can be reasonably modeled in local equilibrium. Results indicate that
turbulence controls a negative feedback on floc settling velocity because higher turbulence
intensity causes higher sediment concentration, lower Al/Si (a sediment mineralogy proxy),
and higher primary particle diameter through sediment entrainment dynamics (Sect. 6.4).
These factors correlate with faster floc settling velocity, but are offset by shear breakage of
flocs. This feedback might mitigate changes in floc settling velocity in alluvial channels on
the flood and seasonal time scales over which flow turbulence typically varies. Organic
matter binding and sediment surface charge interactions might affect flocculation at longer
time scales because they are set by allogenic catchment-to-continental scale processes like
biological productivity and chemical weathering of rock. Overall, the semi-empirical and
explicit models are both viable options for predicting floc settling velocity in rivers and
freshwater wetlands but require knowledge of different predictors and operate at different
scales.

Finally, we emphasize that the workflow of combining multiple floc methods (camera, in
situ laser diffraction, sediment concentration-depth profiles) presented in this study is a
powerful tool that can provide a more complete description of flocs than previously done
with only one or two of the individual methods.

3.8 Notation

Al/Si Sediment Al-Si molar ratio
b1 Settling velocity model constant (20), dimensionless
Cr Floc volume concentration, dimensionless
Ci Sediment volume concentration for ith grain size class, dimensionless

Cbi Near-bed sediment volume concentration for ith grain size class, dimensionless
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Depth-averaged mud volume concentration, dimensionless

Cluster diameter, m

Floc diameter, m

Median floc diameter, m

Effective primary particle diameter, m

Median primary particle diameter, m

Depth-averaged median primary particle diameter, m

Floc cutoff diameter, m

Gravitational acceleration (9.81), m s

Local water depth, m

Near-bed height (0.1h), m

Floc permeability, m?

Floc fractal dimension, dimensionless

Permeable fractal dimension, dimensionless

Weighting dimension, dimensionless

Rouse number for ith grain size class, dimensionless
Submerged specific gravity of sediment (1.65), dimensionless
Shear velocity, m s

Floc settling velocity, m s™

In situ particle settling velocity for ith grain size class, m s
Sediment diffusivity ratio, dimensionless

Floc diffusivity ratio, dimensionless
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n Kolmogorov microscale, m

0 Organic cover fraction, dimensionless
K Von Karman constant (0.41), dimensionless
v Kinematic viscosity of water (10°), m? s
&2 Dimensionless floc permeability, dimensionless
p Water density (1000), kg m™
Ps Sediment density (2650), kg m™
d Relative charge density, dimensionless
) Floc solid fraction, dimensionless
7] Bulk floc solid fraction, dimensionless
©r Permeable solid fraction, dimensionless
Q Drag ratio, dimensionless

3.9 Data availability
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EVIDENCE FOR MUD AS FLOCCULATED BED-MATERIAL LOAD
VERSUS WASHLOAD IN A RIVER DELTA
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Chapter 4 is modified from a submitted manuscript: Nghiem, J. A., Li, G. K., Harringmeyer,
J. P., Salter, G., Fichot, C. G., Wright, K., Passalacqua, P., & Lamb, M. P. Evidence for Mud
as Flocculated Bed-Material Load versus Washload in a River Delta. Submitted.

Abstract

Mud dominates the particulate load of sediment and organic carbon from continents to
oceans, but mud concentration and transport rate remain notoriously difficult to predict. In
rivers, mud is thought to be transported as washload—particles so small that they are absent
from the riverbed, washed through the river like passive tracers, and controlled by far
upstream inputs rather than local sediment entrainment from the bed. However, freshwater
flocculation in rivers can aggregate mud grains into larger particles that behave
hydrodynamically more like sand. If correct, this finding opens the door to describe mud
transport as bed-material load—particles in dynamic interchange between the bed and water
column—for which robust theory exists. Here we present evidence that mud behaves as
flocculated bed-material load, rather than washload, in the freshwater Wax Lake Delta
(WLD), a major distributary of the Mississippi River Delta. Grain size-specific
concentration-depth profiles indicate that mud is flocculated in WLD. In situ turbidity
sensors, airborne hyperspectral imaging (AVIRIS-NG), and concentration-depth profiles
show that mud concentration varies temporally and spatially in response to shear stress
variations, consistent with bed-material load dynamics. Furthermore, mud exists in the
channel bed (median 14% mud by volume) and dominates the bed on deltaic islands (median
90%). Bed-material entrainment theory explains observed near-bed mud concentrations
using a formulation that accounts for floc growth and densification near the bed. Together,
these findings support a unified treatment of sand and flocculated mud as bed-material load
in lowland rivers and deltas.

Plain Language Summary

Understanding the transport of fine-grained sediment (i.e., mud) in rivers and deltas is
important for predicting land building and the fate of mud-bound organic matter and
pollutants. Past studies have often assumed that sediment supply alone sets the mud
concentration because the turbulent energy of flowing water flushes out mud downstream
with minimal deposition on the riverbed owing to the very slow settling rates of small mud



126
particles. To test this idea, we conducted a study in the Wax Lake Delta (WLD), a
freshwater river delta near the Mississippi River Delta. Evidence in WLD from sediment size
and concentration, remote sensing sediment concentration maps, and time series of sediment
concentration and water depth indicates that mud particles settled faster than expected
because they aggregated into larger particles. The enhanced settling of mud promoted active
exchange of mud between the bed and flow following theory for bed sediment erosion and
growth of mud aggregates near the bed. This finding improves the ability to predict mud
transport in rivers and deltas because it shows that mud is linked to the local flow and bed
via mud settling and erosion dynamics and not passively washed away as often assumed.

4.1 Introduction

Mud, defined as sediment with diameter finer than 62.5 pm, constitutes most of the sediment
load in lowland rivers (e.g., Baronas et al., 2020; Bouchez et al., 2011; Lupker et al., 2011).
Mud is important because it can control channel morphology through cohesion (Dunne and
Jerolmack, 2020), carry organic carbon (Bianchi et al., 2024; Galy et al., 2008), and build
land (Kim et al., 2009). Yet mud concentration and transport rate have been notoriously
difficult to predict. The Exner equation expresses land accretion or erosion via sediment mass
balance (e.g., Garcia, 2008):

am  a(C) _ aC
(1_/1)E__ ot —’uha (1)

The left side of Eq. (1), the land accretion rate, is the change of elevation,  (m), with time,
accounting for deposit porosity, 4. On the right side, the accretion rate depends on the water
depth, h (m), depth-averaged flow velocity, iz (m s%), and depth-averaged sediment volume
concentration, C. The right side shows that temporal and spatial gradients in sediment
concentration due to settling and entrainment dynamics drive accretion rate.

However, mud in rivers is commonly assumed to be washload that is passively transported
and does not participate in the sediment balance (Eq. 1) because of its small grain size and
slow settling velocity. The features of washload mud are all tied to the slow settling velocity
of mud relative to the turbulent shear velocity of the flow. Washload mud is uniformly well-
mixed in rivers vertically and laterally in the water column like a passive tracer (Dunne et
al., 2024; Ganti et al., 2014; Komar, 1980). Washload mud is expected to remain suspended
for extraordinarily long distances because the vertical settling velocity is very small
compared to the horizontal flow velocity (Ganti et al., 2014; Venditti et al., 2015). As a result,
mud “washes out” of the reach of interest (Einstein et al., 1940; Einstein, 1950), leading to a
distinct deficiency, if not absence, of mud in the bed (Church, 2006; Lane, 1947; Eq. 1). At
the same time, shear velocity drives high potential entrainment rates of washload mud from
the bed and prevents mud accumulation in the bed (De Leeuw et al., 2020; Lamb et al., 2020).
Additionally, the fact that washload mud already experiences such high shear stress relative
to that required for full suspension implies that the washload mud concentration is insensitive
to fluctuations in entrainment rate caused by shear velocity fluctuations. In sum, washload
mud implies that the local flow and bed grain size distribution bear no relation to the mud
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supply, which is solely set by upstream inputs like hillslope soil erosion, and thus cannot
be used to predict the concentration and transport rate of washload mud.

Unlike mud, sand in lowland rivers and deltas is typically treated as bed-material load
because its faster settling velocity establishes active exchange between the bed and flow. Fast
settling velocity increases the deposition flux (Parker, 1978), making sand well-represented
in the bed and available for entrainment. Simultaneously, fast settling velocity decreases the
entrainment flux (De Leeuw et al., 2020; Garcia and Parker, 1991), preventing sand from
being winnowed away. These feedbacks dynamically adjust the local bed grain size
distribution and sediment concentration and bring the fluxes into equilibrium. Thus, if the
bed-material entrainment equation is known (e.g., De Leeuw et al., 2020), then the sand
concentration can be predicted from the local flow conditions and bed grain size distribution.
Unlike washload, bed-material load is determined by supply and local entrainment and
deposition and varies in space and time following bed-material entrainment theory (Eq. 1).

Although bed-material theory is typically applied to sand, Lamb et al. (2020) showed that it
too could predict mud concentrations in a global river data compilation because flocculation
enhances mud settling velocity and the interchange of mud between the bed and flow.
Flocculation occurs when sediment (usually mud) coheres into larger fragile particles called
flocs with the aid of salinity or organic matter (Van Leussen, 1988; Winterwerp, 1998).
Flocculation can increase in situ mud settling velocity by orders of magnitude because flocs
are larger than their constituent primary particles (Strom and Keyvani, 2011). However, the
treatment of mud as flocculated bed-material load has not yet been evaluated in deltas, which
typically have muddier beds than rivers. Cohesive entrainment equations are typically used
for mud-dominated beds like in coastal wetlands and marshes and have the form of a power
law function of shear stress and cohesive bed strength (Mehta, 1993; Partheniades, 1965).
However, the input parameters are uncertain because they must be calibrated for each
specific case to handle the wide natural heterogeneity in cohesion due to organic matter
(Gerbersdorf et al., 2008), bed porosity and grain size (Jacobs et al., 2011; Van Ledden et al.,
2004), rheology (Winterwerp et al., 2012), and water chemistry (Arulanandan, 1975). It is
unknown whether theory for cohesive entrainment, flocculated bed-material load, or some
combination of them best describes mud transport in deltas.

We conducted fieldwork in the Wax Lake Delta (WLD), Louisiana as part of the NASA
Delta-X project to test the hypothesis that flocculation causes mud in deltas to behave as bed-
material load rather than washload using a series of field comparisons. First, we introduce
WLD and the general field sampling strategy (Section 2). We then report our field and data
methods for sediment concentration-depth profiles, bed grain size distributions, in situ time
series of water depth and sediment concentration, and sediment concentration maps (Section
3). In the Results, we first report field data to describe the flow and sediment conditions in
WLD (Sections 4.1-4.2). Next, we present evidence from five comparisons to evaluate
whether mud behaved as washload or flocculated bed-material load. We first test whether
flocculation enhanced the in situ mud settling velocity toward bed-material load (Section
4.3). Second (Section 4.4), we use sediment concentration maps to evaluate whether mud
was well-mixed and spatially uniform (i.e., washload) or spatially heterogeneous (i.e., bed-
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material load). For the third comparison, we determine whether mud was present in the
channel and island bed sediment because bed-material entrainment must source mud from
the bed (Section 4.5). Fourth (Section 4.6), we compare in situ time series of sediment
concentration and water depth, which is a shear stress proxy, to determine whether sediment
concentration is insensitive to tidally forced stress fluctuations (i.e., washload) or responds
to fluctuations through settling and entrainment dynamics (i.e., bed-material load). The final
comparison evaluates whether bed-material entrainment theory explains observed
flocculated sediment concentrations (Section 4.7). Finally, we discuss the physical meaning
of mud as flocculated bed-material load, modeling mud entrainment and transport rate in
practice, and the criteria for washload versus bed-material load (Section 5).

4.2 Study Site and Approach Overview

We conducted fieldwork in the Wax Lake Delta, Louisiana, a sub-delta in the Mississippi
River Delta complex (Fig. 1ab). WLD is a ~100-km? river-dominated freshwater delta and
receives water and sediment from the Wax Lake Outlet, which was dredged in 1942 and
connects WLD to the Atchafalaya River (Latimer and Schweizer, 1951). In recent decades,
WLD has been aggrading and prograding into the Gulf of Mexico (Jensen et al., 2022;
Roberts et al., 1980). Large distributary channels separate several delta islands, which host
shallow wetlands because they are typically flooded (Fig. 1b). In some places, secondary
channels cut across the edge of the island and facilitate flow between the large distributary
channel and island interior (Hiatt and Passalacqua, 2015; Salter and Lamb, 2022).
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Figure 1. Wax Lake Delta study site. (a) Location of WLD in Louisiana. (b) Map of WLD
indicating sample and data collection sites. Circles indicate sediment concentration-depth
profile sites. Triangles indicate turbidity stations. Satellite image is from January 2021,
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Image © 2021 Planet Labs PBC. (c) Zoom-in map of (b) focusing on Mike Island. (d)
2021 daily hydrograph at Calumet (USGS stream gauge 07381590).

Our approach to evaluate mud transport follows our five comparisons (Section 1). Grain size-
specific sediment concentration-depth profiles show which suspended grain sizes were
flocculated and the floc settling velocity. Sediment concentration maps reveal whether mud
concentration was spatially uniform akin to washload. The grain size distribution of bed
sediment quantifies the amount of mud in the bed available to be entrained for bed-material
load. Concurrent time series of sediment concentration and water depth demonstrate the
degree to which mud concentration correlates with the tidally driven stress fluctuations due
to settling and entrainment.

We conducted the field comparisons across two field campaigns in spring (March to April)
and summer (August) 2021 as part of the NASA Delta-X project. We sampled 26 suspended
sediment profiles (i.e., sediment concentration-depth profiles) and bed material (Fig. 1bc).
For each concentration-depth profile, we used a Teledyne RiverPro acoustic Doppler current
profiler (ADCP) to measure flow velocity profiles and calculate shear velocity.
Harringmeyer et al. (2024) calibrated WLD sediment concentration maps for the same field
campaigns using AVIRIS-NG hyperspectral imaging. During each campaign, we installed
turbidity stations (5 in spring, 4 in summer) at which we measured turbidity and water depth
using in situ turbidity and pressure sensors. The stations were clustered into the Main Pass
and Greg Pass areas (Fig. 1c). The Main Pass area corresponds to northwestern Mike Island
and consists of site W2 (edge of Main Pass channel), site SC (in a small secondary channel
branch), and site W4 (in island wetland; only installed in the spring). The Greg Pass area
corresponds to southeastern Mike Island and consists of site E2 (edge of Greg Pass channel)
and site E3 (in island wetland). We sampled suspended sediment at the turbidity sensors to
develop an in situ calibration between turbidity and sediment concentration (Nghiem, Salter,
etal., 2022).

4.3 Methods
4.3.1 Suspended sediment concentration-depth profiles

We briefly summarize our suspended sediment concentration-depth profile methods, which
are reported in full in Nghiem, Salter, and Lamb (2024), Nghiem et al. (2024), and Nghiem,
Salter, and Lamb (2025). For each profile, we collected suspended sediment samples at
multiple heights above the bed from a boat using a Van Dorn sampler. We sampled bed
sediment using a Ponar grab sampler or, where sufficiently shallow, a piston core. We filtered
each sample through 0.2-um pore size polyethersulfone filter paper (Sterlitech). In the lab,
we dried and weighed the samples and, for the suspended samples, calculated the
concentration. We decarbonated, oxidized, and chemically deflocculated an aliquot of each
sample for grain size analysis using a Malvern Mastersizer 3000E laser diffraction
instrument, which measured the volume distribution from 0.2 to 2100 um in 100
logarithmically spaced bins.
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For each concentration-depth profile, we partitioned the sediment concentrations into the
100 grain size classes using the measured grain size distributions and calculated the grain
size-specific sediment concentration-depth profiles (Fig. 2a). As documented in Nghiem et
al. (2024), we used ADCP data to estimate the water temperature, flow depth, depth-averaged
flow velocity, and shear velocity for each concentration-depth profile. We integrated the flow
velocity profile to obtain the depth-averaged flow velocity. We estimated shear velocity by
fitting the law of the wall theory for turbulent flow velocity profiles to the measured flow
velocity profile. We discarded data in the top half of the flow due to potential tide and wake
effects (Nezu and Nakagawa, 1993; Soulsby and Dyer, 1981). We calculated the skin friction
shear velocity, u,g, using the Manning-Strickler relation following De Leeuw et al. (2020).
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Figure 2. Suspended sediment concentration-depth profile methods illustrated by a
profile in Main Pass in spring (March 25, 2021, 8:33-9:26 CDT). (a) Grain size-specific
sediment concentration-depth profiles. Suspended sediment is grouped into 6 classes here
for display purposes only. (b) Grain diameter versus in situ settling velocity for the same
concentration-depth profile inferred from fitting the Rouse-Vanoni equation with g = 1.
Theory curves show the settling velocity prediction for single grains according to Ferguson
and Church (2004) with a factor of 2 above and below. The suspension floc cutoff diameter,
Dss (m), indicates the grain size below which all suspended sediment is effectively flocculated
based on the plateau at the floc settling velocity, wsoc (Nghiem, Fischer, et al., 2022). The
bias between calculated and predicted settling velocity for grains coarser than Dy is probably
due to uncertainty in S. Error bars indicate the propagated 95% confidence intervals on shear
velocity and Rouse number.

4.3.2 Calculating suspension floc cutoff diameter, near-bed concentration, and settling
velocity

We fitted the Rouse-Vanoni equation to grain size-specific concentration-depth profiles
(Section 3.1) and identified the suspended grain sizes that were flocculated using the
suspension floc cutoff diameter, Dss. In previous work, the suspension floc cutoff diameter
was simply called “floc cutoff diameter” (Nghiem, Fischer, et al., 2022; Nghiem et al., 2024).
Nghiem et al. (2024) already reported Dys for our concentration-depth profiles. Assuming a
balance between gravitational and turbulent fluxes of sediment, the Rouse-Vanoni equation
is:
c h—z Di

i z
—_ = 2
Chi h—h, @)

hy

in which C is the sediment volume concentration at height z (m) from the bed (Rouse, 1937).
The subscript i denotes quantities specific to the ith sediment class. The class-specific Rouse
number, p; = wg;/(kB;u,) with von Karman constant k = 0.41, shows that faster settling
velocity relative to shear velocity causes greater concentration near the bed relative to that
near the water surface. The near-bed concentration, Cy, is the concentration at the near-bed
height, h, (m), which is typically selected as a small fraction of the flow depth, « = hy, /h.
We used a = 0.1 following De Leeuw et al. (2020). We fitted the Rouse-Vanoni equation
(Eq. 2) to the grain size-specific concentration-depth profiles, yielding estimates of pi and Cpi
for each sediment class. We inverted the pi for in situ settling velocity, wsi, using the Rouse
number definition, shear velocity (Section 3.1), and diffusivity ratio § = 1. We calculated
D for each concentration-depth profile as the grain diameter at which the in situ settling
velocity deviates from settling velocity theory for single grains (Fig. 2b). Suspended
sediment finer than Dys is significantly flocculated because inferred in situ settling velocity
exceeded the predicted settling velocity of single grains. Although the diffusivity ratio is
uncertain (e.g., De Leeuw et al., 2020), estimates of Dy are insensitive to different treatments
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of f because the change in settling velocity with grain diameter is abrupt (Nghiem et al.,
2024).

Following Lamb et al. (2020), we grouped the concentration of sediment finer than Dys into
a single floc class and re-fitted the Rouse-Vanoni equation to estimate pi and Cy; for
flocculated sediment. This concentration represents only sediment grains, and not floc
porosity, because we measured grain size distributions of fully dispersed grains (Section 3.1).
We also regrouped the unflocculated sediment classes (i.e., sediment coarser than Dss) into
49 classes and re-fitted the Rouse-Vanoni equation on these new classes to obtain pi and Ci.
We re-calculated the sediment volume fraction in the bed, fi, following these new grain size
classifications. We filtered out low quality data following De Leeuw et al. (2020).

For each concentration-depth profile, we calculated wsi in the floc class as the floc settling
velocity, Wsfioc, in Which wsiec is the settling velocity at a grain size of Dis following theory
for single grains (Fig. 2b; Ferguson and Church, 2004) as done in prior work (Lamb et al.,
2020; Nghiem, Fischer, et al., 2022; Zeichner et al., 2021). For all unflocculated classes, we
calculated wsi at the corresponding grain size (Ferguson and Church, 2004). We used a
submerged specific gravity of sediment, R = 1.65, and a temperature-dependent kinematic
viscosity (Lamb, 1945) in the settling velocity equation.

4.3.3 AVIRIS-NG Sediment Concentration Maps

We used the suspended sediment mass balance as the conceptual framework for interpreting
sediment concentration maps, time series, and entrainment rates when testing the washload
versus bed-material load criteria. The one-dimensional depth-averaged suspended sediment
mass balance, neglecting sediment diffusion, is (Spasojevic and Holly, 1990):

a(hC) _ aC,

o + uha—xl = wg (fiE;i — Cpi) (3)

in which h (m) is the flow depth, & (m s™) is the depth-averaged flow velocity, C; is the class-
specific depth-averaged suspended sediment volume concentration, and E; is the class-
specific dimensionless entrainment rate. Physically, Eqg. (3) shows that the time rate of
change of the sediment concentration through the water column depends on the divergence
of the sediment flux and the local sediment source (entrainment) and sink (settling). The bed
fraction, fi, linearly weights the class-specific entrainment rate (Garcia and Parker, 1991).
The sediment entrainment flux from the bed, wy; f;E;, counteracts the deposition flux from
the flow, wy;C,;. The difference is the net rate at which suspended sediment is locally eroded
or deposited (Eq. 1).

We evaluated spatial patterns of sediment concentration using the AVIRIS-NG sediment
concentration maps of Harringmeyer et al. (2024) because sediment mass balance (Eg. 3)
shows that spatial concentration gradients are linked to deposition and entrainment for bed-
material load. AVIRIS-NG is an airborne imaging spectrometer and was deployed at WLD
during the Delta-X field campaigns. A partial least squares algorithm, developed and
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validated using a large set of in situ reflectance spectra and near-surface sediment
concentrations sampled at ~0.5 m depth, was used to retrieve WLD sediment concentration
maps from AVIRIS-NG images (Fichot and Harringmeyer, 2023; Harringmeyer et al., 2024).
We used two concentration maps, one for each season (April 2 and August 22, 2021), that
had the best data quality (Harringmeyer et al., 2024). Harringmeyer et al. (2024) also showed
that water depths and sediment concentrations were sufficiently high such that bottom
reflectance did not significantly affect the retrieved suspended sediment concentration in the
shallow islands.

4.3.4 Turbidity Stations

We used in situ sediment concentration and water depth time series, documented fully in
Nghiem, Salter, et al. (2022), to evaluate the extent to which mud settling and entrainment
responded to tidally forced shear velocity fluctuations following Eqg. (3). We measured time
series of turbidity and water pressure at each turbidity station using in situ turbidity and
pressure sensors. Pressure sensors measured water pressure at a 1-minute interval. We
converted the water pressure time series into a local water depth time series assuming
hydrostatic pressure and correcting for atmospheric pressure using a co-located air pressure
sensor.

We used two types of optical backscatter turbidity sensors, Observator Analite NEP-595 (at
90°) and Campbell Scientific OBS-3+ (from 90 to 165°). We cross-calibrated them in the
field to correct for instrument differences (Nghiem, Salter, et al., 2022). The Campbell
Scientific sensors measured turbidity at an interval of 30 or 60 s. The Observator sensors
measured turbidity at a 10-minute interval. We developed a turbidity-sediment concentration
relation using suspended sediment samples collected near the sensors and converted the
turbidity time series into sediment concentration (Nghiem, Salter, et al., 2022). We smoothed
the concentration time series using a smoothing spline to reduce noise. We supplemented the
local time series data with the time series of discharge entering WLD measured at the USGS
Calumet stream gauge (Fig. 1b) and mean hourly wind speed from the offshore NOAA
Eugene Island station (ID 8764314) located approximately 17 km from the northern tip of
Mike Island.

4.3.5 Predicting equilibrium entrainment rate and near-bed concentration

Assuming equilibrium between erosion and deposition, we predicted the class-specific
entrainment rate, Ej, and near-bed concentration, Cui, for each concentration-depth profile to
evaluate whether bed-material entrainment theory could predict the observed near-bed
concentrations of flocculated mud. At equilibrium, the suspended sediment mass balance
(Eq. 3) simplifies to C,; = f;E; because the derivatives go to zero. To predict C,;, we
measured fi from bed grain size distributions (Sections 3.1 and 3.2) and calculated E; using
the De Leeuw et al. (2020) empirical entrainment rate equation calibrated on a global river
sand data compilation:
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U, 1.77
E; =474 % 107* (—Sk) Fr1® (4)
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where u, g (m s?) is the skin friction shear velocity, Fr = u /\/ﬂ is the Froude number, and
g is gravitational acceleration (= 9.81 m s?). We used u,, %, and h from the concentration-
depth profile measurements (Section 3.1) and wsi, which we set to wsioc for each floc class
(Section 3.2). We compared the predicted Cpi to the measured Cpi from the Rouse-Vanoni
equation fitting (Section 3.2).

4.4 Results

First, we report the time series observations, hydrodynamics, and suspended sediment grain
size distribution and concentration to characterize the flow and sediment in WLD (Sections
4.1 and 4.2). We then present five field comparisons of whether mud in WLD behaves more
like washload or bed-material load (Sections 4.3-4.7).

4.4.1 Discharge, water surface elevation, and sediment concentration time series

The time series data demonstrate that WLD, despite being nominally river-dominated and
microtidal, experiences regular tide and occasional wind forcing that affect local water level,
sediment concentration, and dynamics of sediment and water flux between channels and
islands (Geleynse et al., 2015). In the spring campaign, discharge entering WLD was ~5500
m3s?, close to the peak discharge for 2021 (Fig. 3a), with a slight increasing trend and limited
tidal influence. As measured from the offshore Eugene Island station, the typical wind speed
was a gentle breeze (~5 m s) but occasionally reached strong breeze (~10 m s) (Fig. 3b).
The local water depth fluctuated according to the tidal cycle (Fig. 3c). At both Main and Greg
Pass areas, the time series in the channel and in the island were relatively well in phase.
Sediment volume concentration, calibrated from turbidity data, was relatively constant in
both areas at ~5x107° (Fig. 3d). Within Mike Island (island and secondary channel), tides
were probably responsible for the low oscillations in concentration. A high wind event on
March 31-April 1, with hourly wind speed peaking at ~14 m s (moderate gale), correlated
with a drop in water depth (by ~0.4 m; Fig. 4bc) and a spike in sediment concentration (by a
factor of ~6, 5x10° to 3x10*; Fig. 3d) at site E3, a shallow wetland in Mike Island. We
interpreted this behavior as a wind setup toward the Gulf of Mexico pushing water out of
WLD (i.e., drawdown for the delta). The accompanying wind stress likely generated waves
that enhanced sediment entrainment and increased concentration. This phenomenon likely
occurred at other stations too, but was not recorded because the water surface dropped below
the sensors. The reason for the brief rise in concentration in the secondary channel (SC) on
March 29 is unclear, but could be an error due to debris interference.
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Figure 3. Wax Lake Delta time series observations during spring and summer 2021 field
campaigns. (a) and (e): Hydrograph at the USGS Calumet stream gauge. (b) and (f): (b) Mean
hourly wind speed time series measured at Eugene Island. (c) and (g): Water depth time
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series at the turbidity stations measured by pressure sensors. (d) and (h): Sediment volume
concentration at the turbidity stations measured by turbidity sensors and calibrated to
sediment concentration. Points in the concentration time series indicate calibration or
concentration-depth profile sediment concentrations measured near the turbidity sensor.
Gaps indicate periods in which the water surface was below the sensor. Refer to Fig. 1 for
measurement locations. AVIRIS-NG data collection times for the two selected sediment
concentration maps are marked as vertical dashed lines.

In the summer campaign, the discharge entering WLD oscillated between ~1000 and 2000
m3 s (Fig. 3e) because of tidal effects but was otherwise stationary, indicating a constant
upstream river discharge. The wind speed was ~4 m s (gentle breeze), did not exceed 9 m
st (fresh breeze; Fig. 3f), and was not fast enough to affect water level. In the Main Pass
area, water depth fluctuations in the secondary channel in the island (site SC) lagged slightly
behind those in Main Pass, site W2 (Fig. 3g). The island station was not installed in the
summer. In the Greg Pass area, water depth fluctuations between channel (site E2) and island
wetland (site E3) were well in phase, likely reflecting greater hydrological connectivity
potentially due to lower vegetation density downstream where the more recently accreted
island surface has had less time for vegetation colonization (Hiatt and Passalacqua, 2015;
Sendrowski et al., 2021). Overall, the sediment volume concentration was ~2 to 5x107° and
tended to be smaller than in the spring (Fig. 3h). Fluctuations in sediment concentration
suggest a tidal influence, which is apparent even in the channel (unlike the spring). Notably,
the sediment concentration in the island and secondary channel sites typically exceeded that
in the corresponding channel site, whereas there was little difference in the spring. The higher
hydrological and sediment connectivity between island and channel in the spring compared
to that in the summer probably caused this seasonal concentration trend (Sendrowski et al.,
2021).

4.4.2 Local flow conditions, sediment concentration, and grain size

Next, we turn to ADCP and suspended sediment concentration-depth profile data to
characterize local flow conditions, sediment concentration, and grain size distributions.

Flow velocities near the centers of channels were on the order of 0.1 m s, only reaching ~1
m s? in the upstream Wax Lake Outlet (spring and summer) and at the delta apex (spring
only) where the flow depth exceeded 10 m (Fig. 4a). Center depths ranged from ~30 m in
Wax Lake Outlet near Calumet to ~10 to 15 m at the delta apex and ~3 m in Greg and Main
Passes with little seasonal difference. Flow velocities were faster near the water surface and
slower near the bed as expected (Fig. 4b). The linearity between flow velocity and the
logarithm of height in the lower half of the flow shows that the flow velocity profiles conform
well to the law of the wall. For the same location (i.e., Greg Pass and apex), depth-averaged
flow velocities and shear velocities were faster in the spring than in the summer because the
spring discharge exceeded the summer discharge. Across both seasons, the local friction
coefficient ranged approximately from 0.0030 to 0.020 with a best fit of 0.0082 (Fig. 4c).
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In the island, depth-averaged flow velocities were typically faster in a secondary channel
branch (site SC; faster than ~0.2 m s%) than in the shallow wetland (sites W4 and E3; slower
than 0.2 m s%) because channelization limits lateral flow spreading (Fig. 5a). Flow depths
ranged from ~0.4 to 0.8 m. Site E3, the shallow wetland in the Greg Pass area (Fig. 1c),
showed faster flow velocity in the spring than in the summer (~0.1 versus 0.05 m s) and
deeper flow (~0.6 to 0.8 m versus ~0.4 to 0.7 m), but the precise difference depended on the
tidal cycle (Fig. 3cg). Island flow velocity profiles are reasonably linear in the lower half of
the flow (in log space), indicating the law of the wall is appropriate for this portion (Fig. 5b).
A friction coefficient of 0.047 describes the island data well (Fig. 5¢) except for the data at
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site SC in the spring. Vegetation and shallower flow probably caused the island friction
coefficient to be larger than that in the channel (Fig. 4c).
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Suspended sediment grain size and concentration trends broadly reflected differences in flow
seasonally and between environments. Suspended sediment was ubiquitously muddy across
the channel and island with most of the depth-averaged sediment concentrations exceeding
90% mud by volume (Fig. 6a). The depth-averaged median grain diameter, Dso, generally
has a positive correlation with shear velocity for shear velocity exceeding 0.01 m s? and is
relatively constant at slower shear velocities albeit with limited data (Fig. 6b). Dso varied



140
little seasonally in the shallow island wetlands (~5 to 10 um). In contrast, Dso in channels
was generally finer than ~10 um in the summer and coarser than 10 um in the spring. The
depth-averaged suspended sediment concentration broadly increased with shear velocity
from 10° to 10* (Fig. 6¢c). However, channel concentrations in the summer were
disproportionately smaller of order 10 to 107,
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depth-averaged sediment volume concentration. The bars on shear velocity indicate the
95% confidence interval of the law of the wall fit. The legend in panel b applies for all panels.

4.4.3 Comparison 1: Is suspended mud flocculated?

The first comparison of mud as washload versus flocculated bed-material load evaluates
whether suspended mud in WLD is flocculated. If mud is washload, then we expect mud to
settle at slower rates typical of individual mud grains. If mud is flocculated bed-material load,
then we expect flocculation to increase mud settling velocity. The Rouse-Vanoni equation
(Eq. 2) shows that the difference in settling velocity is expressed in the shape of the sediment
concentration-depth profile. Washload mud is uniformly mixed in the vertical because of its
slow settling velocity (i.e., lower Rouse number). Bed-material mud is more concentrated
closer to the bed, relative to the water surface, because of its faster settling velocity (i.e.,
higher Rouse number). Based on this expectation, some authors have defined washload
criteria using the Rouse number. Komar (1980) surmised that w,/u, = 0.03 (equivalently
p = 0.07 assuming 8 = 1) separates washload and bed-material load. Classifying washload
as p < 0.8 is also common (e.g., Dunne et al., 2024).

Concentration-depth profiles of mud grain sizes typically show slight concentration
stratification (i.e., higher Rouse number; Fig. 2a). Rouse-Vanoni equation fits to the full 100
grain size classes (Section 3.1) yield a median Rouse number for mud of 0.051 and a median
Rouse number for sand of 0.29. According to Rouse number washload thresholds (i.e., p =
0.07, 0.8), our median mud Rouse number in WLD indicates that mud behaved as washload.
However, this conclusion lacks support because the precise threshold does not have a clear
physical rationale. Furthermore, the Rouse number does not fully address washload because
it fails to account for sediment exchange between the bed and flow. For example, a high near-
bed concentration can compensate for a slow settling velocity (i.e., low Rouse number) in
the deposition flux, w; Cp; (EQ. 3).
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Inferred in situ settling velocities from fitting the Rouse-Vanoni equation to the full 100 grain
size classes (Section 3.2) reveal widespread flocculation in WLD (Fig. 7). The suspension
floc cutoff diameter, Dy, ranges between 9 and 55 pm depending on the concentration-depth
profile. Sediment coarser than Dy follows settling velocity theory albeit with some scatter
about the curve due to uncertainty with 8, which is assumed to be 1. Sediment finer than Dy
deviates to much faster settling velocities, which we interpreted to be enhanced settling
velocity due to flocculation (e.g., Lamb et al., 2020). However, the settling velocities for
sediment finer Dy likely do not reflect precise floc settling velocities because of uncertainty
with . The fact that Dy is finer than 62.5 um, the mud-sand grain size boundary, means that
some of the coarser mud was unflocculated. However, this mud would settle faster than flocs
following the theoretical settling curve (Fig. 2b; Fig. 7).

We concluded that suspended mud is commonly flocculated in WLD because the inferred in
situ settling velocities are faster than settling velocity predictions for grains finer than the
suspension floc cutoff diameter. The presence of flocculation supports the idea that mud
behaves more like bed-material load than washload because flocculation increases the mud
settling velocity and deposition flux (Eq. 3).
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4.4.4 Comparison 2: Is mud concentration spatially heterogeneous?

The second comparison assesses whether mud concentration was uniform or heterogeneous
in space throughout the delta. Akin to the expectations for the vertical sediment distribution
(Section 4.3), mud is uniformly distributed under the washload paradigm because it is well-
mixed with negligible entrainment and deposition to alter its concentration, set by the
upstream input, in space. Conversely, mud as bed-material load produces spatially
heterogeneous patterns in concentration due to spatially varying entrainment and deposition
rates. These variations stem from differences in concentration (for deposition), local flow
conditions, and bed grain size distribution (for entrainment) according to the sediment mass
balance and entrainment equations (Eg. 3 and 4).
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campaign, August 22, 2021. (e) Zoom-in map of panel d. (f) Longitudinal profiles of
sediment concentration extracted from AVIRIS-NG sediment concentration maps. We
extracted the profile along the white path shown in all the map panels.

AVIRIS-NG sediment concentration maps show spatial heterogeneity in both spring and
summer (Fig. 8). AVIRIS-NG sediment concentration nominally represents the near-surface
total sediment concentration (Harringmeyer et al., 2024; Section 3.3). However, it is a good
proxy for depth-averaged mud concentration because the relatively small measured Rouse
numbers (Section 4.3) indicate a modest difference between near-surface and depth-averaged
concentrations and our near-surface suspended sediment samples have very high mud
fractions of ~0.9 (Fig. 8a). The spring map reveals concentration streaklines inside and
extending out of islands (Fig. 8bc) and lower island concentrations compared to those in
channels (Fig. 8c). The summer map reveals streaklines coming off the downstream island
edges (Fig. 8d) and higher island concentrations compared to those in channels (Fig. 8e).
Longitudinal profiles of sediment concentration extracted from the AVIRIS-NG maps show
a general downstream decrease in the channel-bound sediment concentration that is steeper
in the summer than in the spring (Fig. 8f). The presence of spatial structure in the AVIRIS-
NG concentration maps points to mud as bed-material load because washload would be
spatially uniform.

4.4.5 Comparison 3: Is mud found in the bed?

The third comparison assesses whether mud is in the island and channel beds in WLD. If
mud is bed-material load, then mud needs to be present in the bed as the source for the mud
entrainment flux (i.e., f; > 0; Eq. 3). However, the presence of mud in the bed does not rule
out washload because mud might be hosted in the bed through interstitial trapping (Einstein,
1968; Hill et al., 2017; Mooneyham and Strom, 2018) or hyporheic exchange (Packman and
Brooks, 2001; Shrivastava et al., 2020). On the other hand, the absence of mud in the bed is
a sufficient condition for mud to be washload because the suspended mud must then be
entirely supplied from upstream without any local entrainment or deposition.
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Bed sediment tended to be sandy in the channel and muddy in the island, including the
secondary channel branch (Fig. 9). Muddier islands are probably because the sediment
supply from the channel to the island is mud-dominated (Fig. 6a) and the lateral spreading
of the flow over the shallow island wetland promotes a sediment convergence and hence
deposition (Eg. 3). Despite the very low mud fractions in some channel beds (minimum mud
fraction ~ 0.02), mud was present in the bed at all concentration-depth profile locations. Most
of the sampled channel beds had mud fraction smaller than 0.3, which is a typical threshold
between non-cohesive and cohesive bed behavior (e.g., Van Ledden et al., 2004; Van Rijn,
2020). In contrast to the bed sediment, the suspended sediment was mud-dominated for both
channels and islands (Fig. 6a).

The presence of mud in the bed in the channels and islands of WLD implies that mud might
be transported as bed-material load because mud must be in the bed to supply entrainment
(Eq. 3), but washload also cannot be ruled out. Although the precise amount of mud in the
bed that distinguishes washload and bed-material load is unclear, Lamb et al. (2020) showed
that mud entrainment from mud-poor beds in global rivers could still sustain high suspended
mud concentrations because the relatively slower floc settling velocities cause faster
entrainment rates (Eq. 4).

4.4.6. Comparison 4: Does mud concentration respond to shear stress fluctuations?

The fourth comparison examines whether mud concentration changes with shear stress. If
mud is bed-material load, then an increase in shear stress increases entrainment rate (Eq. 4)
and concentration and vice versa. In contrast, the concentration of washload mud should be
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insensitive to shear stress because washload mud is well-mixed in the water column at all

typical transport conditions. This comparison is difficult to interpret in rivers because
discharge typically drives higher sediment concentration by increasing sediment supply (i.e.,
through bank erosion and hillslope input) and shear stress (i.e., greater entrainment rate).
Thus, the observed sediment concentration in rivers conflates the effects of washload supply
and bed-material load entrainment. However, tidally influenced systems like WLD solve this
issue because tides operate at shorter timescales than the incoming discharge. The input
discharge and sediment supply can be relatively constant while the shear stress can change

independently due to tides.
£ 1.00 . 1.00{® .
S0o9s4® !
3] . 0.98 1
© 0.96
S 0.94+ 0.96
o 0.924 .
S5 0904 g 0944b
E 088- T T T T T T T T T T T T T I.I T T
6-1C washload 27080 050
5.5 '0.75 9
. A i -0.45
& 4:- n/\r«’ iy ’\. ’ o - 0.40
& 4 ) A o6 :
x
C L
s 74d E3[09 0.7
S 6- l " o8 H0.6
€ 54 0.7
aJ lﬂ K _05
Q 44 0.6 R
= o
8 T T T T T T T T T 0.4 o
Job]
o 8 I =
= /e W2Log 25 s
5 24 L0.45 ©
5 6- - 0.8 o)
2 57 r[ro7r 197 -0.40 a
g 4 || tos L | F0.35 B
-g 3 T T T T T T T T I‘ 0.5 ’l -I T T T T T T T 3-
o . —
S IF Waloo environment 3
8 64 | - tos —— channel
2 54 r0.7 — secondary channel
5 4- ,\ 0.6
. : — island
z 3- T T T T T T T T T
S
o) A
g 573_ g 751k 0.9
5 5 t ' | 'l il L0.7
54 254 1 ! Los
4- T T T T T T T T T 06 T T T T T T T T T
N W M~ 0 O O ~ «— N ™M W OO O «~ N M < U O N~
N AN NN N NN o0 O O o o — v ON AN AN AN N N NN
= = = = = = = = — = o o o oo D o o o o DO
222222222 223232332322

Figure 10. In situ turbidity and water depth time series results. (a) and (b): Mud fraction in
suspended sediment samples taken to calibrate turbidity sensors.
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concentration and local water depth time series at the turbidity stations (Fig. 1bc).
Colored curves correspond to the concentration time series. Black curves correspond to the
local water depth time series. The data gaps are times in which the sensors were exposed to
air.

Across all turbidity stations (Fig. 1), sediment concentration correlates inversely with the
local water depth (Fig. 10). The turbidity-derived sediment concentration was calibrated to
total sediment concentration (Nghiem, Salter, et al., 2022), but is a good proxy for mud
concentration because the suspended sediment samples at the turbidity sensors show very
high mud fractions of at least ~0.9 (Fig. 10ab). The anti-correlation between concentration
and water depth is more apparent during the summer (Fig. 10h-k) than in the spring (Fig.
10c-g) because of the lower discharge (relative to tides) in the summer (Fig. 3e). Nonetheless,
we interpreted the relationship of concentration and depth as the effect of tides altering the
delta-wide water surface slope and shear stress. During falling tide, water surface elevation
lowers first in the more offshore parts of the delta, thus drawing down the water surface slope
from upstream. The steeper water surface slope causes higher shear stresses on the bed.
Conversely, the onset of rising tide preferentially raises the water surface elevation in the
more offshore waters and reduces the water surface slope and shear stress.

The inverse correlation between concentration and water depth suggests mud was transported
as bed-material load in WLD because mud concentration was likely responding (Eg. 3) to
shear stress-driven changes in local entrainment rate (Eq. 4) while the upstream discharge
and coincident sediment supply were relatively constant (Fig. 3ae). Tides influenced the
summer discharge because the lower discharge allowed the backwater zone to extend farther
upstream (Fig. 3e), but discharge was otherwise steady averaging over tidal fluctuations.
Although we installed the channel turbidity stations at the edges of channels (Fig. 1b), we
expect that the same patterns held throughout the channels because they experienced to the
same delta-wide hydraulics.

4.4.7 Comparison 5: Does flocculated mud follow bed-material entrainment theory?

The fifth comparison evaluates whether bed-material entrainment theory can predict the
observed near-bed concentrations of flocculated mud. For each concentration-depth profile,
we used the De Leeuw bed-material entrainment theory (Eq. 4) for the aggregated floc class
and the unflocculated classes (Sections 3.2 and 3.5). We compared predictions with the
measured floc near-bed concentrations from the Rouse-Vanoni equation fitting (Section 3.2).
We found that bed-material entrainment theory agrees well with measurements for sand grain
sizes (Fig. 1l1a), but tends to overpredict the mud concentrations (Fig. 11lbc). We
hypothesized that the overprediction for mud is because flocs on the bed might grow or
densify by interacting with coarser bed sediment. For example, Tran and Strom (2019) found
in experiments that deposited flocs tended to grow on the bed by aggregating with other flocs.
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To account for this possibility, we propose an entrainment floc cutoff diameter, Dt (M),
which can be different from the floc cutoff diameter in the water column such that D,, =
vD:s and y is the floc entrainment factor. We used the river concentration-depth profile and
floc data compilation of Nghiem, Fischer, et al. (2022), to calibrate an empirical model for
y. For each concentration-depth profile, we calculated Dt as the floc cutoff diameter that
produced an exact match between the predicted and measured near-bed concentrations for
the floc class using Eq. (2) (Sections 3.2 and 3.5). We then calculated y and regressed it
against different possible controlling variables.
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Results show that the floc cutoff diameters for entrainment are typically larger than those in
the water column for WLD data, whereas the two cutoff diameters are more similar, albeit
scattered, for the river data compilation (Fig. 12a). One possible interpretation of the WLD
data is that flocs cohere to coarser grains at the bed, causing them to become larger and/or
denser (i.e., faster settling velocity) and more difficult to entrain. Through trial of many
possible variables, we found a good correlation between y and a proxy for the areal fraction
of flocs on the bed, f}, aoc Dso/Des (Fig. 12b), where f, g, is the volume fraction of
flocculated bed sediment (i.e., bed sediment finer than D) and Dso (m) is the median bed
grain size. f}, goc Dso/Dys represents the areal fraction of flocs on the bed because Drs is a

proxy for floc diameter and fjq0.~D3/D3, is a volume fraction, meaning
fo.f10c Dso/ Des ~ D&/ DE, is the areal fraction. We calibrated a power law using the Nghiem,
Fischer, et al. (2022) river data compilation, leading to the empirical equation:

0.505
¥ = 3.19(fp fioc Dso/Dys)

(5)

with R? = 0.81 (Fig. 12b). Physically, Eq. (5) implies that flocs incorporate coarser grains
(i.e., have a larger cutoff diameter) at or near the bed, compared to suspended flocs, as the
areal fraction of flocs on the bed increases. Eq. (5) predicts well the floc cutoff factor in WLD
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with R? = 0.57, especially considering that we did not train the model on the WLD data.
We used Eq. (5) to calculate y, which we multiplied by D to predict Dre, and predict near-
bed concentration (Sections 3.2 and 3.5).
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Figure 13. Near-bed concentration measurements from the Rouse-Vanoni equation fitting
(Section 3.2) and predictions using the De Leeuw entrainment equation (Eq. 4) and Eq. (5)
to account for the difference between the suspension and entrainment floc cutoff diameters.
Gray circles represent the global river data compilation of Nghiem, Fischer, et al. (2022).

Using the new floc cutoff diameter for entrainment (i.e., combining Eq. 4 and 5) improves
the agreement between the measured and predicted near-bed concentrations for the WLD
flocculated sediment (Fig. 13). Since a larger cutoff diameter causes flocs to incorporate
coarser grains, the agreements for all sediment types changed in Fig. 13 as compared to Fig.
11. The sand data in WLD shows slightly worse agreement (root mean square error, RMSE
= 6.6 versus 4.0 in Fig. 11a), whereas the mud data are in greater agreement (RMSE = 53 to
28 for unflocculated mud in Fig. 11b; RMSE =411t0 2.6 in Fig. 11c). For the WLD data, the
entrainment floc cutoff diameter effectively increases the settling velocity and lowers the
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entrainment rate for both unflocculated and flocculated mud (Eg. 4), thus compensating
for the originally overestimated near-bed concentrations (Fig. 11bc).

4.5 Discussion
4.5.1 Is mud transported as washload or flocculated bed-material load in deltas?

We evaluated five comparisons of whether mud is transported as wash or bed-material load
in a river delta (Sections 4.3-4.7). The comparisons are based on expectations that washload
is well-mixed vertically and horizontally and controlled by upstream sediment supply due to
its very slow settling velocity. All criteria showed that mud was more consistent with
flocculated bed-material load than washload. First, we showed that mud finer than 9 to 55
um, depending on the sampling site and time, is widely flocculated in WLD (Fig. 7) and thus
has enhanced floc settling velocity. Second, remotely sensed sediment concentration maps
of WLD suggests that mud concentration varies spatially in WLD again due to entrainment
and deposition rather than being uniformly mixed as expected for washload (Fig. 8). Third,
mud is present in the bed in non-negligible quantities in both channels and islands in WLD
(Fig. 9). Fourth, in situ sediment concentration and water depth time series indicate that mud
concentration varies in response to tidally driven shear stress changes due to entrainment and
deposition dynamics (Fig. 10). Fifth, bed-material entrainment theory can match observed
flocculated sediment concentration in WLD if a factor is used to enhance the sizes of primary
particles incorporated into flocs near or at the bed (Fig. 11c). We interpret this fact to mean
that flocs grow and densify by incorporating coarser bed sediment.

Based on these comparisons, we conclude that mud is transported as flocculated bed-material
load for our measurement periods in WLD. We also expect this conclusion to hold in WLD
generally because our data span the typical high and low annual discharges (Fig. 1d). Einstein
and Chien (1953) postulated that the transport rate of fine sediment typically considered
washload could theoretically be modeled using bed material entrainment, but the fine fraction
in the bed is very sensitive to the flow conditions owing to its low amount and thus changes
too quickly to be of any predictive value. Our results show that by increasing the settling
velocity, flocculation increases the fine fraction in the bed and lengthens the time for the bed
to respond to short fluctuations in sediment supply. Thus, we contend that the flocculated
bed-material load treatment applies not only for rivers (Lamb et al., 2020), but also for deltas
with muddier beds (Fig. 9).

4.5.2 Physical interpretation of near-bed flocs

The entrainment floc cutoff diameters are typically larger than the suspension floc cutoff
diameters for WLD (Fig. 12a), meaning that floc growth at the bed, by incorporating coarser
grains, is more common than floc break up. This idea is consistent with the experiments of
Tran and Strom (2019) in which flocs on the bed tended to grow by cohering with other flocs
by rolling and sliding, but rapidly returned to an equilibrium state with the local shear rate
and sediment concentration once resuspended. Likewise, Lamb et al. (2020) identified two
different floc settling velocities in a river data compilation: a median 0.34 mm s for flocs
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suspended in the water column and a faster 1.4 mm s —corresponding to a floc cutoff
diameter of 40 um—for the floc entrainment rate near the bed. Although not described in
their paper, the faster floc settling velocity produced better agreement between measured and
predicted near-bed concentrations, consistent with our findings (Fig. 13c). Nonetheless, flocs
in rivers are less sensitive, compared to WLD, to the use of a different entrainment floc cutoff
diameter compared to that for suspension because lower areal fraction of flocs on the bed
causes the cutoff diameters to scatter around a 1:1 correlation (Figure 12). For general cases,
our results show that the entrainment floc cutoff diameter works for both rivers and the WLD
(Fig. 13).

We found that the amount of growth or densification of flocs near the bed increased with the
areal fraction of flocs on the bed possibly because greater floc concentration leads to higher
collision and aggregation frequency between flocs and coarser bed sediment. However, this
process has a limit as floc concentration increases. For a fully mud bed, the bed cohesive
strength likely controls entrainment rather than floc deposition and entrainment (Winterwerp,
2002). The transition occurs when the floc concentration reaches the gelling concentration,
upon which flocs form a space-filling network at the bed and transforms into a more
consolidated fluid mud bed (Tran and Strom, 2019; Winterwerp, 2002). Using the theory of
Winterwerp (2002), we calculated a typical gelling concentration in WLD of 0.04, which is
about two orders of magnitude higher than observed floc concentrations (Nghiem et al.,
2024). Thus, mud in WLD, as well as other rivers (Lamb et al., 2020; Nghiem et al., 2022),
conforms to flocculated bed-material load theory without the need to invoke a critical
cohesive bed strength as is typical for cohesive entrainment formulations (e.g., Partheniades,
1965).

4.5.3 Modeling mud as flocculated bed-material load

Bed-material entrainment theory provides a unified entrainment framework for mud and
sand, which can streamline sediment transport models. This framework contrasts with most
current approaches like Delft3D (Delft Hydraulics, 2025) that use different formulas for mud
and sand. Although floc properties might change in space and time, these variations can be
minimal within a given system because negative feedbacks between turbulence, sediment
concentration, grain size, and sediment mineralogy can maintain floc settling velocity
(Nghiem et al., 2024). Therefore, a single floc settling velocity, once adjusted to account for
near-bed floc effects (Fig. 13), might be adequate to predict the entrainment rate of
flocculated sediment.

4.5.4 The spectrum between washload and bed-material load

Although washload and bed-material load are often treated as two distinct transport modes,
we stress that washload is actually a special case of bed-material load in the limit of very
slow settling velocity. This idea is illustrated by the advection length, [, = @th/w,, which is
the typical horizontal distance that sediment travels before depositing on the bed (Ganti et
al., 2014; Lamb et al., 2010). Ganti et al. (2014) showed that the advection length sets the
minimum length scale of morphodynamic landforms because sediment mostly advects
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through shorter length scales and reflects non-local supply. In the same vein, we argue
that the advection length can be used to distinguish washload and bed-material load given
the length scale of interest (Venditti et al., 2015). Regardless of settling velocity, sediment
can be modeled as bed-material load so long as, for mud, the gelling concentration is not
achieved and flocs do not coalesce into a cohesive bed layer (Fig. 14). But if the length scale
of interest is much shorter than the advection length, then washload can be a justified
simplification of bed-material load (Fig. 14) because the extremely slow settling velocity
brings erosion and deposition fluxes to zero and precludes concentration gradients in time
and space yielding uniformly mixed washload concentration (Eg. 3). Washload simply
advects past shorter length scales without bed interaction because it settles too slowly to
reach the bed.
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Figure 14. Conceptual diagram of the phase space for different treatments of flocculated
mud transport.

In WLD, the differences between channel and island highlight the spectrum between
washload and bed-material load according to the advection length (Fig. 14). In the channels,
we measured typical values of % = 0.5 m st and h = 3 m (Fig. 4). In Mike Island, we measured
typical values of # = 0.1 m st and h = 0.6 m (Fig. 5). Using a typical floc settling velocity of
0.3 mm st in WLD (Nghiem et al., 2024) leads to floc advection lengths of 5000 m in the
channels and 200 m in Mike Island. The kilometer-scale floc advection length in the channels
is consistent with the kilometer-scale downstream decrease in concentration observed in the
AVIRIS-NG concentration maps (Fig. 8f). The floc advection length in Mike Island is shorter
than the width of Mike Island (~900 m). Accordingly, the bed in Mike Island contains
abundant mud in contrast to the more modest amounts found in the channel bed (Fig. 9)
because mud should behave more like bed-material load in the island than in the channel as
predicted by the shorter floc advection length relative to island (or channel) length scale.
Higher concentration gradients in the islands also point to mud behaving more like bed-
material load in islands (Fig. 8ce). In general, given sediment and flow conditions, the
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appropriateness of the washload simplification depends on the length scale of interest.
For WLD, washload mud is probably a poor assumption for studying delta-wide
sedimentation because the delta radius is ~10 km, which exceeds the typical floc advection
length in channels. In contrast, the length scales of bars and dunes are much smaller than the
floc advection length in channels, making washload a reasonable assumption.

4.6 Conclusion

Here we explored five consistency tests of whether mud is transported as washload or bed-
material load in the Wax Lake Delta using suspended sediment concentration-depth profiles,
bed sediment samples, in situ concentration and water depth time series, and remotely sensed
sediment concentration maps. We concluded that mud behaves as flocculated bed-material
load in WLD because it is flocculated, present in the bed, responds to shear stress
fluctuations, is spatially heterogeneous, and can be predicted by bed-material entrainment
theory. We found better agreement with bed-material entrainment theory by incorporating a
larger near-bed floc cutoff diameter, implying that flocs are larger and/or denser near the bed
surface, as compared to suspended flocs, because they incorporate coarser bed sediment. This
modification affects entrainment rate by increasing floc settling velocity and fraction of
flocculated bed sediment, at least up to the limit at which cohesive bed strength dominates
mud entrainment. Together, these findings show that mud and sand can be modeled together
under the unified framework of bed-material load in rivers and deltas.
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DAAC) via https://doi.org/10.3334/ORNLDAAC/2379 (Nghiem, Salter, and Lamb, 2024)
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Chapter 5

SEDIMENT TRANSPORT BETWEEN CHANNELS AND ISLANDS IN
A RIVER-DOMINATED DELTA

Abstract

River deltas are important landforms because they build coastal land, but they are at risk of
drowning due to sea level rise. Primary channels divide deltas into islands, which must
accrete with sediment fast enough for deltas to keep pace with sea level rise. However,
field observations of sediment transport between primary channels and islands are lacking.
We conducted a field study in the Wax Lake Delta, Louisiana, part of the Mississippi River
Delta complex, to investigate island sediment transport mechanisms in a river-dominated
delta. Hydraulic roughness measurements in a vegetated island wetland constrain the
hitherto wide variability in roughness treatments used in past hydrodynamic models. In situ
water surface elevation and sediment concentration time series reveal that tall island levees
can block water and sediment. Falling tide increases bed shear stress, entrainment, and
hence sediment concentration in primary channels. A simple backwater model indicates
that a dynamic interplay of flow depth, velocity, and lateral water surface slope into the
island determines the discharge into the island wetland, which is diminished at very high
depths when the hydraulic gradient becomes too shallow. Overall, sediment flux into the
island scales most importantly with discharge into the island because the variation in
discharge exceeds the tidal modulation of primary channel sediment concentration. Island
flows are sufficiently slow and shallow to facilitate the settling of mud in the island,
including abundant mud in recent island deposits that drives recent delta growth.

5.1 Introduction

River deltas are increasingly under threat of drowning because relative sea level rate
exceeds aggradation rate in many deltas (Blum and Roberts, 2009; Paola et al., 2011;
Giosan et al., 2014). In deltas, channels successively bifurcate downstream (e.g., Edmonds
and Slingerland, 2008) and form islands in between. Islands are the dynamic building
blocks of deltas because they are the shallow hotspots of sedimentation and must keep pace
with sea level rise for the delta to survive (Nardin et al., 2016; Salter and Lamb, 2022).
Island sedimentation might also be an important organic carbon sink (Galy et al., 2007,
Shields et al., 2017).

Understanding sediment transport between delta channels and islands is critical because it
controls sediment supply to and retention in islands. The pathway of sediment into delta
islands can be conceptualized into (1) sediment source from island-bounding primary
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channels, (2) sediment influx into islands, and (3) sediment fluxes within islands.
Primary channels (i.e., distributaries) separate individual islands and are the immediate
source of water and sediment for islands (Fig. 1a). Sediment can enter the island via diffuse
flooding into the shallow island wetland (Fig. 1b) and/or flow through secondary channels
cutting across islands (Fig. 1a). Sediment transport within the island determines whether
sediment is retained in the island.
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Figure 1. River delta diagram. (a) Diagram of a river delta in map view. (b) Diagram of
a cross-section through a primary channel and island at the edge of an island.

Prior studies have shed light on these delta island sediment processes. Olliver et al. (2020)
simulated hydrodynamics and sediment transport using a numerical model of the Wax Lake
Delta (WLD), Louisiana, USA, a river-dominated delta in the Mississippi River Delta
complex, and found that greater river discharge increases the net river sediment export into
WLD. They also found that tides, although less important than river discharge, can enhance
island inundation and sediment flux entering islands. Hiatt and Passalacqua (2015)
conducted fieldwork in WLD and showed that islands diverted significant volumes of
water from primary channels according to hydrological connectivity. They argued that
lateral flow accesses more landward, higher elevation (i.e., proximal) parts of islands
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typically through secondary channels, which bypass the taller levees that would
otherwise block flow (Fig. 1b). Hydrological connectivity is greater in more seaward, lower
elevation (i.e., distal) parts of islands where laterally extensive floods can frequently
overtop levees. This idea is consistent with Wagner et al. (2017), who differenced two lidar
surveys of WLD and showed that distal elevation parts of islands aggraded more than
proximal parts because they were more often flooded. Overall, Olliver and Edmonds
(2021) demonstrated in a follow up modeling study that faster island sedimentation rates
are linked to greater hydrological connectivity to primary channels. In particular, river
discharge not only enhances island sedimentation rate by supplying more sediment and
increasing hydrological connectivity, but also decreases sediment retention efficiency
because more sediment bypasses the delta (Olliver et al., 2020).

Aside from river and tides, vegetation has also been highlighted as a key factor affecting
flow and sedimentation in deltas. VVegetation can not only increase sedimentation by
slowing flow and inducing settling (Stumpf, 1983; Styles et al., 2021), but also prevent
sedimentation by blocking flow from entering islands (Nardin et al., 2016; Olliver et al.,
2020). As such, intermediate vegetation density has been suggested to optimize island
sedimentation (Nardin and Edmonds, 2014). Quantitatively, the presence of vegetation
modifies hydraulic roughness (Baptist et al., 2007). Past studies of river delta
hydrodynamic models used enhanced roughness in vegetated islands to account for
vegetation effects on the flow (e.g., Olliver et al., 2020; Wright et al., 2022; Cortese et al.,
2024; Feizabadi et al., 2024). However, they used roughness as a tuning parameter because
they lacked hydraulic roughness measurements in islands.

Although prior studies inform sediment transport expectations in deltas, they are limited
because many of these studies rely on numerical models with simplified sediment transport
physics and lack hydraulic and sediment field measurements for validation. For example,
numerical models are restricted to few grain sizes (Nardin and Edmonds, 2014; Olliver et
al., 2020; Cortese et al., 2024). Moreover, mud (grains < 62.5 um) comprises much of the
sediment load in river deltas (Giosan et al., 2014; Esposito et al., 2017; Nghiem et al.,
2024), but predicting mud transport in models is difficult because mud cohesion is highly
heterogeneous and strongly controls mud entrainment and deposition fluxes (e.g., Mehta
and McAnally, 2008). Sediment transport field studies in river deltas are required to
establish baseline understanding of sediment flux and accretion in islands.

We conducted fieldwork at the Wax Lake Delta to identify the mechanisms that (1) set the
sediment source in primary channels, (2) drive water and sediment flux into islands, and (3)
and control sediment transport and accretion within islands of a river-dominated delta. We
introduce the study site and field approach in Section 2 and methods in Section 3. Although
storms and waves can periodically contribute to island sedimentation and erosion in WLD
(Walker and Hammack, 2000; Bevington et al., 2017; Styles et al., 2021; Cortese et al.,
2024), we focused on studying river discharge and tides because they operate continuously.
Our fieldwork strategy was to measure detailed local data on hydraulics (depth, flow
velocity, discharge, roughness, and shear stress), suspended sediment (grain size,
concentration, and flux), and bed sediment (grain size) in channels and a delta island to
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compare patterns across space (Section 4). In particular, our measurements provide key
observations of hydraulic roughness in a vegetated delta island that can inform river delta
hydrodynamic models. Next, to interpolate our results across time, we used in situ sensors
to measure water surface elevation and sediment concentration time series, from which we
modeled the time series of discharge and sediment flux between primary channels and a
wetland and secondary channel (Section 5). In Section 6, we summarize delta island
sediment transport mechanisms and discuss their implications for delta sedimentation and
resilience.

5.2 Study Site and Approach Overview

We conducted fieldwork in the Wax Lake Delta as part of the NASA Delta-X project.
WLD is located along the coast of Louisiana and is fed water and sediment by the lower
Mississippi River via the Atchafalaya River and the Wax Lake Outlet, which was dredged
in 1942 (Fig. 2a; Latimer and Schweizer, 1951). Significant areas of delta islands became
subaerial following the 1973 Mississippi River flood and have continued to aggrade and
prograde seaward without major human influence (Roberts et al., 1980; Jensen et al.,
2022). The exposure and inundation of islands in WLD depend on the interactions between
river discharge, tides, wind, and vegetation (Geleynse et al., 2015).

We completed fieldwork in March-April 2021 (spring campaign) and August 2021
(summer campaign). The spring campaign represents a high river discharge scenario
because the discharge entering WLD was ~5500 m? s, close to the 2021 peak (Fig. 2b).
The summer campaign represents a low river discharge scenario with a discharge of ~1800
m3 s, close to the 2021 minimum. We collected field data in Mike Island and its two
bounding primary channels, Main and Greg Passes (Fig. 2cde). We sampled suspended
sediment concentration-depth profiles by collecting suspended sediment samples at
different heights above the bed. We concurrently measured flow depths, directions, and
velocity profiles using an acoustic Doppler current profiler (ADCP). We also measured
discharge using ADCP transects across channels, including an intensive longitudinal
discharge survey of Greg Pass in the summer. We analyzed sediment core grain size and
surveyed the thickness and grain size of near-surface sediment deposits capping the island
(i.e., cap transect; Fig. 2d) to characterize island deposits. To obtain coverage across time,
we installed in situ sensors at four sites to measure the time series of water surface
elevation (WSE) and sediment concentration. We grouped the sites into two pairs, each
delineating a transect spanning a primary channel and Mike Island. The Greg Pass-wetland
(GP-W) transect spans the Greg Pass and wetland sites (Fig. 2e; Fig. 3ac). The Main Pass-
secondary channel (MP-SC) transect spans a secondary channel connecting the Main Pass
and secondary channel sites (Fig. 2d; Fig. 3bd). We selected the Main Pass and Greg Pass
sites to be near the edge of the primary channel and Mike Island. We used the time series
data as inputs in a backwater model to estimate the time series of discharge and sediment
flux into Mike Island through each transect.



166

6000 | I
z ®©
o <. & 5000 3
Louisiana T E ¢ 8
£ = 4000+ 2 5
o) ¢ 2
>9 3 H
S © 30001 £
o5 8 3
Q ()
2 2000 1 e
© K
Qo
2
&
<

% sediment
concentration-
depth
profiles

Mike Island .
U /\ sediment core

panel d

Main Pass — ‘
<«+—Greg Pass
panel e

d M%‘/—-secondary channel inlet @

SC '
secondary

Main Pass site fphannel sSite

wetland site Ievee-f. Greg

N/
/9] b.ahs
oy indicator Pass
[ ) .A' site
250

500



167
Figure 2. Wax Lake Delta map. (a) Map of the Louisiana coast. (b) 2021 hydrograph at
Calumet, LA from USGS stream gauge 07381590 approximately 18 km upstream of the
delta apex. (c) Map of the Wax Lake Delta. Satellite image is from January 2021, Image
© 2021 Planet Labs PBC, at relatively low discharge and tide to highlight the full island
extents. (d) Inset map of northern Mike Island. The Mike Pass-secondary channel (MP-
SC) transect runs along the secondary channel between the Main Pass and secondary
channel sites. (e) Inset map of southeastern Mike Island. Transect A-A’ runs along the
levee. The Greg Pass-wetland (GP-W) transect runs between the Greg Pass and wetland
sites.

In WLD, vegetation phenology caused low vegetation density in the spring and high
density in the summer (Jensen et al., 2024). In the spring, distal levees were sparsely
vegetated, but vegetation density increased toward the higher elevation proximal levees
(Fig. 3a). Within the island, secondary channels also build and host vegetation on levees
(Fig. 3b). In the summer, the levees were relatively dense in vegetation because of the
seasonal growth in the spring and summer, including some areas that were unvegetated in
the spring (Fig. 3cd).
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Figure 3. Drone photos of the Wax Lake Delta in the (a, b) spring and (c, d) summer.
The circled locations are indicated in map view in Fig. 2de. We captured drone photos
using a DJI Phantom 4 quadcopter drone.

5.3 Methods
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This section documents the field methods to quantify hydraulics (Section 3.1),
suspended sediment (Section 3.2), and sediment deposits (Section 3.3) in the channels and
islands of WLD. We then used a simple backwater model to interpolate time series of
discharge and sediment flux into an island wetland and secondary channel based on in situ
WSE and sediment concentration time series (Section 3.4). We supplemented our data
using a time series of river discharge entering WLD at the USGS Calumet stream gauge
(ID 07381590) on the Wax Lake Outlet and a tidal time series of WSE from the offshore
NOAA Eugene Island station (ID 8764314) located ~17 km southeast of the northern tip of
Mike Island (Fig. 2c).

5.3.1 Hydraulics

Our hydraulics data methods are documented in Christensen et al. (2022) and Nghiem et al.
(2024) and summarized here. We measured flow velocity profiles using a down-looking
Teledyne RiverPro ADCP together with the concentration-depth profiles (Fig. 2c). We
mounted the ADCP near the water surface on a boat (in the deeper channels) or stationary
float (in the shallower islands). We measured 14 velocity profiles in the spring and 9 in the
summer (Fig. 2). We combined instantaneous flow velocity profiles to average out high
frequency turbulence and produce time-averaged flow directions and velocity profiles. We
averaged instantaneous profiles that were close in space and time to the sediment samples
in the concentration-depth profiles (Section 3.2; Nghiem et al., 2024). For each time-
averaged velocity profile, we computed the 1D velocity profile by projecting the velocities
in the direction of the greatest depth-averaged flow and fitted it to the law of the wall to
estimate the local shear velocity, u, (m s™), and roughness height, zo (m). The law of the
wall states:

Uu, l A L
u= » n Z (D
and predicts the flow velocity, u (m s), as a function of height above the bed, z (m), the
dimensionless von Karman constant, ¥ = 0.41, u,, and zo. We also calculated the flow
depth, h (m) and depth-averaged flow velocity, % (m s*), from the time-averaged velocity
profiles. We computed the unit discharge, g (m? s), by integrating the velocity profiles
over the flow depth. In association with 8 velocity profiles (4 in each season), we measured
ADCP transects across the primary channel to calculate the volume discharge of water
passing through. For each discharge measurement, we traversed the channel twice and
averaged the two discharges to obtain the representative discharge (Christensen et al.,
2022). We multiplied this discharge and the depth-averaged sediment concentration from
the concentration-depth profile (Section 3.2) to obtain the sediment discharge (m® s™).

5.3.1.1 Greg Pass Survey

We conducted a discharge survey of Greg Pass on August 22, 2021 with discharge
transects measured at ~1-km intervals from the north to the south and then back from the
south to the north. For each transect in the Greg Pass survey, we collected a representative
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suspended sediment sample near the water surface at the center of the channel, analyzed
it for concentration (Section 3.2), and multiplied it with the discharge to estimate sediment
discharge (m® s1). We calculated the along-channel discharge differences to estimate the
lateral unit discharges and multiplied them by sediment concentration to estimate sediment
fluxes into the island.

Island sediment retention depends on many factors like vegetation, sedimentation rate,
resuspension, and time scale. But as a proxy for island sediment retention, we used the
sediment advection length, the typical horizontal distance sediment travels before reaching
the bed (Ganti et al., 2014), to evaluate whether sediment supplied to the island can settle in
or bypass the island. The sediment advection length, [, = q/w, (m), depends on g and the
sediment settling velocity, ws (m s%). We used a representative settling velocity of 0.3 mm
s, atypical value for mud in WLD, because most of the suspended sediment in WLD is
mud (Nghiem et al., 2024).

5.3.2 Suspended sediment

As reported in Nghiem et al. (2024), we sampled suspended sediment at multiple heights
above the bed (i.e., sediment concentration-depth profiles) using a Van Dorn sampler. For
each suspended sediment sample, we measured sediment concentration and the fully
dispersed grain size distribution using a Malvern Mastersizer 3000E laser diffraction
particle size analyzer. We partitioned the sediment concentrations by grain size class to
obtain grain size-specific sediment concentration-depth profiles, from which we calculated
depth-averaged sediment concentration and grain size distribution. We integrated each
sediment concentration-depth profile with the corresponding time-averaged velocity profile
(Section 3.1) to compute the sediment flux, gs (m? s™), and the portion of the sediment flux
that is mud (grains < 62.5 um) and sand (grains between 62.5 and 2000 pm).

5.3.3 Sediment deposits

We sampled the bed sediment at the concentration-depth profile locations using a Ponar
grab sampler or piston core (Nghiem, Salter, and Lamb, 2024; Nghiem et al., 2025). We
used the piston core in the island where the depth was shallow and sampled not only the
surface bed sediment, but also sediment at shallow depth. We used a piston core to extract
~10-to-50 cm long sediment cores and sectioned them at discrete intervals (Nghiem, Salter,
and Lamb, 2024; Nghiem et al., 2025). We measured the fully dispersed grain size
distributions of bed sediment samples using a laser diffraction particle size analyzer.

We surveyed the thickness of the uppermost sediment (i.e., the cap) along a ~350-m
transect from the western edge of Mike Island toward the island center during a separate
field campaign in October 2019 (Fig. 2d). At each measurement point along the cap
transect, we measured the ground elevation and probed the ground using a rod until we
struck a distinct contact between the overlying muddy cap and an underlying sandy base.
We measured the depth of the contact and water depth.
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5.3.4 Time series data

5.3.4.1 Water surface elevation and sediment concentration time series

To better understand temporal trends, we measured the WSE and sediment concentration
time series at the Greg Pass and wetland sites (transect GP-W; Fig. 2e) and the Main Pass
and secondary channel sites (transect MP-SC; Fig. 2d). We used in situ water pressure
sensors, documented in Nghiem, Salter, et al. (2022), to derive WSE time series (Fig. 4a).
Sensors continuously measured water pressure, which we converted into local water depth
assuming hydrostatic pressure and correcting for atmospheric pressure using an air pressure
sensor. In the summer, we measured the ground elevation using a Trimble R12 GPS unit at
each water pressure sensor, which we added to the water depth to obtain the WSE time
series.
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turbidity sensors

T TrET—

Greg Pass, August 22, 2021 10:48

b

levee indicator
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Figure 4. Example photos of in situ sensors. (a) Water pressure and turbidity sensors at
the Greg Pass site (Fig. 2e). (b) Levee indicator at the Mike Island levee near the Greg
Pass site (Fig. 2e).

We calibrated the spring WSE time series at the Greg Pass and wetland sites using lidar
and game camera data because we did not measure the ground elevation. We used a time
series of game camera photos of a levee indicator (Fig. 4b), a PVVC pipe with 10-cm
markings installed on the levee (Fig. 2e), from which we manually digitized the water
depth time series. We extracted the ground elevation at the levee indicator using a 2020
lidar survey (Nghiem, 2022) and added it to the water depth to obtain the WSE time series
at the levee indicator. We assumed that the WSE was identical between the levee indicator
and the Greg Pass site and found the vertical offset to convert the Greg Pass water depth
time series to WSE. To calibrate the spring WSE time series at the wetland site, we
assumed the WSE was identical between Greg Pass and Mike Island at the time of the
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highest WSE in Greg Pass. We could not calculate WSE in the spring for the Main Pass
and secondary channel sites, so we did not report any spring time series for those sites.

We installed in situ turbidity sensors at the time series sites to measure the sediment
concentration time series (Fig. 4a). Full turbidity sensor details are in Nghiem, Salter, et al.
(2022). We converted the turbidity time series into sediment concentration using a
turbidity-concentration relationship based on sediment concentration measured near the
turbidity sensors. We used a smoothing spline to reduce noise in the concentration time
series. Although the turbidity sensors can only sense sediment in a limited volume, we
assumed that the concentration was representative of the whole water column because
measured sediment concentration-depth profiles reveal relatively minor vertical variations
in concentration (Nghiem et al., 2024).

5.3.4.2 Modeling island discharge and sediment flux

To extend our local hydraulics and sediment measurements over time, we used time series
data to drive the 1D backwater equation for gradually varied flow (Chow, 1959) and model
discharge and sediment flux into the island through a wetland (transect GP-W; Fig. 2e) and
secondary channel (transect MP-SC; Fig. 2d). Following Salter and Lamb (2022), we
computed the unit discharge into the island, g (m? s2), across the two transects spanning a
primary channel and Mike Island (Fig. 2de) with the backwater equation:

h ow
oh _ Sp— (Cf - WW) Fr’ @
ox 1 — Fr?

The flow depth, h (m), varies with distance into the island, x (m). The local bed slope, St,
flow width, w (m), can also vary spatially depending on hydraulic geometry. The solution

of Equation (2) also depends on Froude number, Fr = %/,/gh, and friction coefficient,
Cr = (u./m)?, where g is gravitational acceleration (9.81 m s2). g = @h is conserved
along the transect. We depth-averaged the law of the wall (Eq. 2) to parametrize Cr.
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For the backwater inputs, we set zo and used topography data to determine Sp, dw/dx, and
width-depth ratio, w/h. We selected zo from values estimated at the wetland and secondary
channel sites (Section 3.1). For transect GP-W (Fig. 2e), we extracted the elevation profile
from a 10-m resolution digital elevation model of WLD (Christensen et al., 2023). We
smoothed the extracted profile using a smoothing spline, which we differentiated to obtain
Sp along the transect. We tested three different levee top elevations based on an along-levee
transect (transect A-A” in Fig. 2e) to account for levee variability between the primary
channel and wetland. We simply shifted the transect GP-W elevation profile vertically to
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match the desired levee top elevation of each levee case. We assumed that ow/dx = 0
because the flow is broadly unchannelized between the primary channel and wetland.

For transect MP-SC (Fig. 2d), we used topography from a 1-m resolution 2020 lidar survey
(Nghiem, 2022) because the 10-m digital elevation model cannot adequately resolve the
secondary channel, which has a width of ~10 m (Fig. 3bd). However, the lidar elevations
within the secondary channel are too high because water in the secondary channel
attenuated the laser before it could reach the bed. To estimate the transect MP-SC elevation
profile, we instead extracted and smoothed the bankfull WSE and bankfull width along the
secondary channel. These measurements are reliable because the secondary channel levees
were subaerial during the lidar survey. We assumed that the secondary channel had a
rectangular cross-section and a constant width-depth ratio. We then inferred the elevation
profile as bankfull WSE minus bankfull depth, which we calculated as bankfull width
divided by width-depth ratio. We tested different width-depth ratios to find the value that
yields an elevation profile matching a GPS measurement of bed elevation at the secondary
channel site (Fig. 2d). We differentiated the smoothed elevation and bankfull width profiles
to calculate Sp and dw/dx, respectively. For both transects GP-W and MP-SC, we
subtracted the ground elevation of the elevation profile from the WSE time series to
calculate the h time series at the transect endpoints for the backwater boundary conditions.

For transect MP-SC and the three levee cases of transect GP-W, we solved the backwater
equation at 15-minute intervals for the g that satisfies the h boundary conditions. We used a
predictor-corrector method and iterated over different values of g using the secant method.
For each iteration, we integrated for h in the upstream direction because the flow is
subcritical (Fr < 1). We imposed the condition that the flow goes in the direction of the
lower WSE between channel and island. We validated the resulting q time series using q
measured from ADCP data at transect endpoints (Section 3.1). For transect GP-W only, we
further validated the g time series using ¢ from the Greg Pass Survey (Section 3.1.1) and in
situ orange peel measurements at the levee indicator near the Greg Pass site in the spring
(Fig. 2e). For the orange peel measurement, we recorded the time taken for a floating
orange peel to travel a marked distance of 10 m and measured the corresponding flow
depth. We calculated the flow velocity as 10 m divided by travel time and assumed it was
representative of the depth-averaged flow velocity. Multiplying by the measured depth
yields g. We only measured q once with orange peels, albeit with 6 replicates. We
calculated sediment flux into the island by multiplying the backwater g time series and the
sediment concentration time series in the primary channels. To analyze sediment retention,
we divided the q time series by settling velocity to obtain the advection length time series
(Section 3.1.1).

5.4 Point Measurement Results

We first present results from point measurements starting from flow hydraulics (Section
4.1), then the suspended sediment transported by the flow (Section 4.2), and finally island
deposits built by sediment accretion (Section 4.3).
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5.4.1 Hydraulics

ADCP measurements of unit discharge at the concentration-depth profiles (Section 3.1)
indicate that the greatest discharges (~1 m? s1) in each season were in the primary and
secondary channels. In these locations, the flow direction typically followed the channel
(Fig. 5ab). For example, the northeast orientation of the secondary channel explains the
northeast flow direction in the secondary channel (profile 2 in the spring and profile 8 in
the summer). On the other hand, unit discharge measurements at the western edge of Mike
Island (profile 11 in the spring and profile 6 in the summer) reveal a moderate component
of flow directed away from the island despite differences in river discharge and ebb/flood
tide between the measurements (Fig. 5c¢d). In contrast, unit discharge had a component into
the island at the eastern edge of Mike Island further down the island (profile 5 in the spring
and profile 4 in the summer) where levees were more submerged (Fig. 3a) and allowed
greater hydrological connectivity between the primary channel and island. In the summer,
this flow component into the island was much weaker because of the lower river discharge
relative to the spring (Fig. 5cd).

Discharges were relatively smaller in the island wetland (order 0.01 to 0.1 m? s%),
reflecting the loss of channelization and lateral flow spreading onto the wetland. Flow
directions in the island were also mixed. In the spring, flow directions in the northern part
of Mike Island (profiles 8, 9, and 13) were measured during flood tide and oriented up the
island (Fig. 5a). Conversely, flow directions were oriented down the island in the southern
part (profiles 6, 7, 10, and 12; Fig. 5a). Repeat measurements at the wetland site in Mike
Island for both seasons (profiles 6 and 12 in the spring and profiles 2 and 9 in the summer)
indicate that flow was oriented more down the island at ebb tide compared to flood tide as
falling tides drew down water out of WLD (Fig. 5ab).
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The time-averaged flow velocity profile reveals the vertical flow velocity structure at each
concentration-depth profile (Fig. 6). In general, flow velocities were slower near the bed
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and faster near the water surface in accord with expectation from the law of the wall
(Eq. 1). The fastest measured flow velocities occurred in the spring in the channels (i.e.,
primary and secondary channels) with speeds of ~0.5 to 0.75 m s (Fig. 6a). In contrast,
channel flow velocities in the summer were slower at ~0.25 m s because of the lower river
discharge delivered to the delta (Fig. 5cd). Flow velocities were much slower in the island
wetland (~0.01 to 0.1 m s%) because flow was unchannelized, but still typically increased
closer to the water surface.
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Figure 6. 1D time-averaged flow velocity profiles in the (a) spring and (b) summer.
Numbers correspond to measurement sites (Fig. 5ab).

The depth-averaged flow velocity generally correlates with the flow depth (Fig. 7ab),
yielding a range of g from ~0.01 to 2 m? s%. The flow depth in the primary channels was ~3
to 4 m in spring and summer with some shallower areas over bars and near the channel
edges. The flow depth in the island (wetland and secondary channel) was shallower than ~1
m. We fitted the law of the wall (Eqg. 1) to the flow velocity profiles and estimated
hydraulic parameters. Roughness heights ranged from ~107 to 10 m with a typical value
of 0.05 m and lack clear trends with flow depth, season, or delta environment (Fig. 7cd).
Combined, the flow depth and roughness height resulted in friction coefficients of 0.005 to
0.1 (Eq. 3). The island tended to have higher friction coefficients than primary channels
because the depth was shallower, leading to greater friction coefficient when the roughness
height is constant. In turn, these friction coefficients produced a strong correlation between
depth-averaged flow velocity and shear velocity in the spring (Fig. 7e) and an apparently
weaker correlation in the summer (Fig. 7f), which might be explained by the narrower
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range of measured flow velocities. In the spring, shear velocities were typically greater
in channels (~0.05 m s) than in the wetland because the faster flow velocity in the
channels outweighed the greater friction coefficients in the wetland (Fig. 7e). In the
summer, channel shear velocities were typically smaller than those in the spring (~0.01 to
0.05 m s) and similar to wetland shear velocities because higher friction coefficient in
wetlands largely compensated for faster flow velocity in channels in terms of shear velocity
(Fig. 71).
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blue curves in panels ¢ and d represent roughness relations for vegetated island wetlands
used in prior WLD hydrodynamic models: Olliver et al. (2020), “subtidal marsh” in
Wright et al. (2022), and “marsh” in Cortese et al. (2024).

We tested the consistency of roughness relations used to characterize vegetated wetlands in
prior WLD hydrodynamic models against our wetland roughness measurements. We chose
three examples that each used a different common method to prescribe the roughness of
vegetated wetlands. Olliver et al. (2020) used a Manning’s n of 0.08 m™*/3 s. Wright et al.
(2022) used the Baptist et al. (2007) formulation that predicts roughness based on
vegetation properties and calibrated the vegetation parameters. Cortese et al. (2024) chose a
Chézy coefficient of 35 m¥? s, which is equivalent to Cr = 0.008. We converted these
examples into the same space of roughness height, zo, versus flow depth, h (Fig. 7cd). On
one extreme, the Cortese treatment (Cs = 0.008) far underestimates the measured wetland
Ct, which has a typical range of 0.05 to 0.1 across spring and summer. On the other
extreme, the Olliver method overestimates Crs compared to the data. Usingh =0.6 mas a
typical wetland flow depth, the Olliver method yields Cs = 0.93. The Wright method
produces the best comparison with our wetland Ct data as evidenced by the fact that, at h =
0.6 m, it predicts Cs = 0.20, which is the closest to our data out of the three treatments. The
Wright prediction is still biased slightly high compared to our wetland Cs range of 0.05 to
0.1, but at least compares well to our highest measured wetland Cs (Fig. 7d).

5.4.2 Suspended sediment

Sediment concentration-depth profiles reveal limited variation in sediment concentration
with height above the bed in spring and summer (Fig. 8ab). Depth-averaged data show that,
in the spring, higher sediment concentration was typically associated with lower mud
fraction (i.e., higher sand fraction; Fig. 8c). This trend occurs because greater shear velocity
locally suspended more sediment (Fig. 8e) and mobilized coarser sand grains in the spring,
causing mud fraction to drop from ~1 to ~0.6. As such, the island wetland (lower shear
velocity) tended to have lower sediment concentration (~4x10°) and higher mud fraction
(~1) compared to channelized measurement sites (concentration ~ 7x10°; mud fraction
~0.86). On the other hand, measured mud fraction was relatively uniform (~1) with respect
to sediment concentration in the summer (Fig. 8d) probably because the shear velocity (Fig.
8f) was too small to entrain coarser grains. Smaller shear velocity also led to smaller
sediment concentration in the summer (~10°) versus that in the spring. In the same vein,
greater unit discharge supported greater sediment flux as evidenced by their strong power-
law correlation with the exception of two outliers in the summer with disproportionately
high sediment flux given their discharge (Fig. 8gh). In the spring, the greatest sediment
fluxes occurred in the channels (~2-5x10"° m? s) whereas sediment fluxes in the wetland
were lower (< 10° m? s1). Sediment fluxes were lower in the summer (~10% m? s%)
relative to those in the spring.
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Figure 8. Sediment concentration and flux results. Sediment concentration-depth profiles

in the (a) spring and (b) summer. Depth-averaged sediment concentration and suspended
mud fraction in the (c) spring and (d) summer. Shear velocity and sediment concentration

in the (e) spring and (f) summer. Unit discharge and sediment flux in the (g) spring and
(h) summer.

In map view, the spatial pattern of sediment flux (Fig. 9ab) closely follows the spatial
pattern of unit discharge (Fig. 5ab; Section 4.1). Flow direction is identical between g and
gs, but the power-law scaling between discharge and sediment flux (Fig. 8gh) enhanced the
sediment flux magnitude in the spring compared to that in the summer because of the

higher spring discharges. Mud fluxes far exceeded sand fluxes (Fig. 9cd), highlighting the
prevalence of mud in the suspended sediment (Fig. 8cd).
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Figure 9. Sediment flux measured by ADCP and sediment-concentration depth profiles
in the (a) spring and (b) summer. Mud and sand fluxes in the (c) spring and (d) summer.
See Fig. 5cd for the Calumet discharge and tidal WSE time series with the measurement
times indicated.

To better integrate flow at the primary channel scale, we combined ADCP transects and
depth-averaged sediment concentrations (Section 3.2) to quantify total water and sediment
discharge passing through primary channel cross-sections. Our measurements reveal that,
in the spring, Main Pass conveyed roughly double the discharge as Greg Pass (~1700 m3s?
at profile 1 versus ~870 m® s at profile 3) because the greater width of Main Pass captures
more of the incoming river discharge (Fig. 10ag). Greg Pass bifurcates seaward, diverting
part of the discharge and leading to an even lower discharge of ~590 m® st (profiles 4 and
14; Fig. 10g), which is about 10% of the total discharge entering at Calumet in the spring
(Fig. 10a). This discharge below the Greg Pass bifurcation is well-reproduced at profiles 4
and 14 measured at different times, but similar Calumet discharge and tidal WSE (Fig.
10ae). At the same location in the summer, we measured less than half the discharge (~240
m3s; Fig. 10bh) with little variation across three measurements at different times (profiles
1, 3, and 7) despite the fact that the Calumet discharge varied strongly with the tide in the
summer (Fig. 10bf). This consistency is probably due to the fact that we measured
discharges at similar tidal WSEs near local maxima (Fig. 10f). Even further down Greg
Pass toward the delta front (profile 5 in the summer; Fig. 10h), we measured a very low
discharge of ~36 m® s in the summer because flow spreads out laterally as primary
channels become fully submerged. In conclusion, Greg Pass discharge measurements show
that primary channel discharge correlates highly with the input river discharge, as expected,
and tended to decrease with distance seaward as a result of bifurcations and likely lateral
flows into islands (Hiatt and Passalacqua, 2015).
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Figure 10. Primary channel discharges measured by ADCP transects. Local ADCP
discharge in the (a) spring and (b) summer. Discharges are plotted together with the

incoming river discharge at Calumet (gray). Local sediment discharge in the (c) spring
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and (d) summer. Tidal WSE time series with discharge measurements marked in the (e)
spring and (f) summer. Map of channel discharge measurements in the (g) spring and (h)
summer. Each point corresponds to the center of the transect.

Turning to sediment, sediment discharges measured in primary channels in the spring were
much greater than those in the summer (Fig. 10cd) because of the greater discharge (Fig.
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10ab) and sediment concentration (Fig. 8ef). In all cases, mud discharge exceeded sand
discharge. Mud and sand discharges were the greatest at profile 1 in the spring (~0.05 and
0.1 m3® s}, respectively) because of its relatively high discharge (Fig. 10a). In the spring, we
measured a mud discharge entering Greg Pass of ~0.04 m® s!, which was about twice the
sand discharge (profile 3; Fig. 10c). Below the bifurcation, the mud discharge dropped
slightly to ~0.03 m® s, but the sand discharge was about an order of magnitude smaller
than the mud discharge (profiles 4 and 14; Fig. 10c). In the summer at the same location,
we measured mud discharges that were about an order of magnitude smaller at ~2x103 m3
st (profiles 1, 3, and 7; Fig. 10d). Near the delta front in the summer, we measured a Greg
Pass mud discharge of ~3x10 m? s, another order of magnitude smaller. Sand discharge
was negligible for all sediment discharge measurements in the summer. Overall, like water
discharge, mud discharge in Greg Pass tended to decline seaward.

The ADCP data in Fig. 10 are limited because they are point measurements from disparate
times and locations. To better control for time and space, we conducted a focused ADCP
survey of Greg Pass in the summer. We collected ADCP transects and suspended sediment
samples at stations along Greg Pass (Fig. 11a) to obtain water and sediment discharges. We
first collected data in Greg Pass from north to south and then did replicate measurements
on our return from south to north. In general, discharge decreased down Greg Pass (Fig.
11b) from ~300 to 400 m® s at the most landward (station 1) to ~30 m® s* at the most
seaward (station 8). Discharges from the south-to-north survey are biased high compared to
those from the north-to-south survey because the incoming river discharge at Calumet was
higher during the south-to-north survey (Fig. 11f).
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Figure 11. Greg Pass survey of ADCP discharge and sediment concentration in the
summer. (a) Map of measurement stations along Greg Pass. Longitudinal profile of (b)
channel discharge, (c) lateral unit discharge computed by differencing the discharges in
space (positive indicates flow into island), (d) sediment discharge, and (e) lateral
sediment flux computed by differencing the sediment discharges in space (positive
indicates flow into island). Time series of (f) Calumet discharge and (g) tidal WSE with
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measurement times marked. Point numbers in panels b-g correspond to the station
numbers in panel a.

We differenced the Greg Pass discharge in space to estimate lateral unit discharge within
the segments between stations, which we divided in half to represent the average lateral
flow into Mike Island on one side of Greg Pass. The lateral unit discharge is mixed, but
indicates that water typically flowed out of Greg Pass into islands and/or bifurcation
channels (Fig. 11c). The bifurcation between stations 2 and 3 (Fig. 11a) diverted substantial
flow out of Greg Pass and is highlighted by a peak in lateral unit discharge of ~0.07 m? s,
which is hence an overestimate of the lateral unit discharge into Mike Island. Discounting
this bifurcation-affected segment, the highest lateral unit discharges into the island occurred
between the most seaward stations (~0.03 m? s™* between stations 6 and 8) because of flow
spreading as channels become more subaqueous. In terms of sediment advection length
(Section 3.1.1), we calculated that this lateral unit discharge could carry sediment an
average of ~100 m into Mike Island (Fig. 11c). The lateral unit discharge was typically
smaller between the more landward stations (< 0.02 m? s1), leading to advection lengths
shorter than ~50 m. These advection lengths are much shorter than the typical width of
Mike Island (900 m), indicating that sediment can readily settle in the island. We calculated
a negative lateral unit discharge (i.e., flow into Greg Pass) between stations 5 and 6 in the
north-to-south survey (Fig. 11c) for unknown reasons, especially because the replicate in
the south-to-north survey is positive. The river discharge at Calumet and tidal WSE did not
change drastically over time as we conducted the Greg Pass survey (Fig. 11fg). However,
Calumet discharge and tidal WSE were increasing and decreasing, respectively, to a greater
degree during the north-to-south survey, potentially affecting the inferred lateral unit
discharges and sediment fluxes (Fig. 11ce) more than in the south-to-north survey.

Like the water discharge, sediment discharge typically decreased over distance down Greg
Pass from ~4x10° m? s landward to ~2x10* m® s? (Fig. 11d). Sediment discharge
experienced a steep decline in the first 3 km of Greg Pass (between stations 1 and 4)
probably because of the nonlinear sensitivity between the decreasing discharge and
sediment flux (Fig. 8gh). The bifurcation between stations 2 and 3 caused a spike in
sediment flux at ~6x107" m? s (Fig. 11e). Otherwise, lateral sediment flux into the island
approached ~2x107 m? s toward the most seaward stations.

5.4.3 Sediment deposits

For all concentration-depth profiles, the median grain diameter, Dso (um), of the bed
sediment was coarser than that of the suspended sediment in the overlying water column
(Fig. 12a). Bed sediment in the island, including the secondary channel, was muddy (Dso of
~20 to 30 um), but still coarser than the suspended grains. In contrast, bed sediment in
primary channels was sandy with Dsp exceeding 100 um (Fig. 12ab). But not all primary
channel beds were sandy. We measured a muddy bed in the center of Main Pass for profile
1 in the spring (Fig. 5a) because of the presence of a submerged muddy mid-channel bar
(Fig. 12a). The bed at the edge of Greg Pass near the margin of Mike Island (profile 5 in
the spring and profile 4 in the summer) was muddy probably because of the weaker shear



velocities at the shallow channel edge compared to the channel center (Fig. 12ab). Far
down Greg Pass (profile 5 in the summer), the bed was also muddy because hydraulic

sorting causes mud to be preferentially transported and deposited further offshore (Fig.

12b).
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Figure 12. Sediment deposit grain size. Median grain diameter, Dso, of bed and
suspended sediment in the (a) spring and (b) summer. (c) Median grain diameter versus
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Shallow sediment cores in Mike Island reveal muddy island deposits (Dso of ~20 to 70 pm)

within the top ~50 cm of the ground surface (Fig. 12c), corroborating the efficient mud
capture implied by short advection lengths relative to Mike Island width from the Greg
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Pass survey (Fig. 11c). Clear grain size trends with depth are not evident. Island
suspended sediment was finer (Dso of ~20 um) than the core sediment. These island
deposits were coarser probably because coarser grains preferentially settle and build
deposits, but finer grains have longer advection lengths and are more likely to advect out to
sea with minimal island storage. Primary channel beds were typically much coarser than
any of the shallow island deposits (Fig. 12c), suggesting distinctly different sediment
erosion and deposition processes between primary channel and island.

The sediment cap transect across northeast Mike Island (Fig. 2d) shows a laterally
extensive ~40-cm thick muddy cap of sediment that overlies a sandy base (Fig. 13). The
presence of this muddy cap is consistent with the advection length (Fig. 11c) and sediment
core data (Fig. 12c) showing the ability of mud to settle in the island and build deposits.
The stratigraphy of a muddy cap over a sandy base suggests that sand was formerly the
main material building up WLD, but mud now dominates recent island accretion.
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Figure 13. Mike Island cap transect. See Fig. 2d for transect location. The point
classification is the field description of the local environment.

5.5 Time Series Results

Here we present time series data to better contextualize our findings in time compared to
point measurements (Section 4). We structure this section to evaluate the stages of
sediment transfer into the island: (1) sediment source in primary channels, (2) sediment
flux entering the island, and (3) sediment transport within the island.

5.5.1 Sediment sources from primary channels

In situ WSE and sediment concentration time series in Greg and Main Passes (i.e., primary
channels) reveal that WSE and sediment concentration are generally inversely correlated
(Fig. 14). The water surface in the primary channels fluctuated according to the tides in
both spring and summer. Higher sediment concentration was correlated with lower WSE
and, equivalently, shallower channel depths and vice versa, suggesting a tidal control on the
local sediment concentration in primary channels.
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Figure 14. Time series of water surface elevation and sediment concentration in the
primary channels at the measurements sites in Greg and Main Passes (Fig. 2de).

To further investigate the controls on primary channel sediment concentration, we
calculated longitudinal water surface slopes down the delta to the primary channels (Greg
and Main Passes). We differenced the Calumet and primary channel WSE at each time step
and divided by the horizontal distance (~23.7 km) to obtain the average linear slope.
Negative water surface slopes in the summer (Fig. 15ab) suggest that there were periods of
time in which longitudinal water surface slope reversed orientation tilted landward, but in
situ flow direction measurements do not show any landward flow in the primary channels
(Fig. 5ab). We expect that the negative water surface slopes are erroneous and caused by a
vertical datum mismatch between the USGS Calumet data and our primary channel data.
That said, shallower flow depth into Mike Island (i.e., lower primary channel WSE)
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typically correlated with steeper longitudinal water surface slope with a stronger trend
in spring than in summer (Fig. 15ab). Combined with the correlation between WSE and
sediment concentration (Fig. 14), our interpretation is that falling tides drop WSE first in
seaward parts of WLD and draw the water surface slope steeper because the distal base
level change takes time to propagate landward and vice versa. In turn, steeper water surface
slope increases the shear stress on the bed and enhances local sediment entrainment from
the bed, leading to greater sediment concentration (Partheniades, 1965; De Leeuw et al.,
2020). Thus, this tidal regulation of water surface slope, shear stress, and sediment
concentration sets the sediment concentration in primary channels that can be transported
into the island.

Main Pass-secondary

Greg Pass-wetland transect channel transect

K 4 b _g
" (+) slope tilts seaward | 33

S 0.2- Sz
S 55
% 014 summer 25
8 o- W:{?;* o~y B 8:‘?

» 0.1

a )
c 81C A d )
© s s . o
2 & (+) slope tilts into island |
= summer 3
-Ig e (0]
T 4 5
z 4 DN 5
% =

& ]

@

]

__’ 35

r o

025 000 025 0.500.0 0.3 0.6 0.9
depth of flow into Mike Island (m)

Figure 15. Longitudinal and lateral water surface slopes versus depth of flow into Mike
Island for the Greg Pass-wetland and Main Pass-secondary channel transects. Negative
flow depth means that the water surface elevation is below the levee top elevation. The
median levee case is used for the Greg Pass-wetland transect (panels a and c).

5.5.2 Sediment flux entering the island

The next step is to understand the conditions under which water and suspended sediment in
primary channels can enter the island. Hiatt and Passalacqua (2015) emphasized the
importance of hydrological connectivity between primary channels and islands for
facilitating sediment flux into the island. Hydrological connectivity implies, at the bare
minimum, that the primary channel water surface has overtopped island levees. Beyond
this condition, lateral water surface slope and depth of flow into island set the magnitude of
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flow entering the island because the hydraulic gradient must be directed into the island
to drive flow.

To evaluate these variables, we calculated lateral water surface slopes between the primary
channel and island across the Greg Pass-wetland (GP-W) and Main Pass-secondary
channel (MP-SC) transects (Fig. 2de). We differenced the primary channel and island WSE
at each time step and divided by the horizontal distance (200 m for transect GP-W and 540
m for transect MP-SC). Considering only times in which the primary channel and island
were hydrologically connected, shallower depth of flow from Greg Pass into the island
wetland correlates with steeper lateral water surface slope into the island with a stronger
trend in spring than in summer (Fig. 15c). Our interpretation is that increasing inundation
fills the island and raises the island WSE to approach the primary channel WSE, thereby
causing the lateral water surface slope to shallow out. In contrast, the flow depth from Main
Pass into the secondary channel in the summer does not display a clear trend with the
lateral water surface slope through the secondary channel (Fig. 15d). Our interpretation
here is that the relationship between flow depth and lateral water surface slope is controlled
by channelized flow hydraulics rather than broad filling of the wetland. But overall, the
lateral water surface slope data show that the hydraulic gradient typically drives flow into
the island except for a few periods in the summer between Greg Pass and the wetland (Fig.
15c).

The flow depth and lateral water surface slope data demonstrate persistent flow from
primary channels into Mike Island, but do not indicate flow magnitude. To quantify flow
magnitude into the island, we calculated the unit discharge, g, into the island using the
backwater equation (Section 3.4.2) for the Greg Pass-wetland (Fig. 2e) and Main Pass-
secondary channel transects (Fig. 2d). We chose roughness heights of 0.05 m for the Greg
Pass-wetland transect and 0.01 m for the Main Pass-secondary channel transect following
our hydraulics data (Fig. 7cd). At each time step, we solved the backwater equation to find
the q that satisfies the observed water surface elevations at the endpoints in the primary
channel and island (Fig. 16abe).

Water surface elevations extracted from the levee indicator correspond well to the WSE
time series in the spring at the Greg Pass site, supporting the validity of the levee indicator
for calibrating WSE (Section 3.4.1). Flow also depends on the island elevation relative to
the WSE. For the Greg Pass-wetland transect, we extracted elevations along the island
levee from a lidar survey (Fig. 17a) to quantify variability (transect A-A’; Fig. 2¢). The
levee elevation profile reveals a wide elevation range spanning ~0.5 m from the lowest to
highest elevations (Fig. 16¢). The lowest elevations are in small secondary channels, which
have depths of ~0.3 to 0.4 m. To account for the range of levee elevation in the Greg Pass-
wetland transect, we chose three representative levee top elevations, low (levee top
elevation = 0.08 m NAVD88), median (0.38 m), and high (0.53 m), based on the median
and 95" percentile range of the levee hypsometric curve (Fig. 16d).
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Figure 16. Primary channel and island water surface elevations for backwater modeling.
Water surface elevation time series for the Greg Pass-wetland transect in the (a) spring
and (b) summer. (c) Levee elevation profile along transect A-A’ on the Mike Island levee
(Fig. 2e) extracted from a 2020 lidar elevation map (Nghiem, 2022). (d) Hypsometric
curve from the elevations in panel c. (e) Water surface elevation time series for the Main
Pass-secondary channel transect in the summer.

The backwater model also relies on the elevation profile along the transect into the island.
For the Greg Pass-wetland transect, the elevation profile slopes downward from the levee
top into the island wetland (Fig. 17b). We discarded the portion of the elevation profile
between the levee top and the Greg Pass site (i.e., point GP) and smoothed the rest for the
backwater model input. We assumed that the WSE time series at the Greg Pass site and the
levee top was identical. For the Main Pass-secondary channel transect, we had to infer the
elevation profile because the lidar survey could not measure through the water in the
secondary channel (Section 3.4.2; Fig. 17¢). We determined a width-depth ratio of 12 for
the smoothed elevation profile to match the measured secondary channel bed elevation.
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This value of width-depth ratio is consistent with the typical range of 8 to 50 for tidal
flat channels (Marani et al., 2002). The inferred elevation profile has an adverse slope from
the edge of the island until ~400 m into the secondary channel, where the elevation peaks
and then slopes downward further along the channel (Fig. 17d). Although the bankfull
water surface elevation decreases with distance into the secondary channel (Fig. S1a), the
adverse slope section occurs because the bankfull width also narrows with distance (Fig.
S1b) and causes the bankfull depth to shallow faster than the bankfull water surface
elevation decreases. The elevation profiles show that the inlet of the secondary channel sits
at a much lower elevation (-0.51 m NAVD88) compared to the low levee case (0.08 m),
allowing continuous hydrological connectivity between the primary channel and island
even in a more landward, higher elevation region of Mike Island during the summer low
flow (Fig. 16e). In contrast, the Greg Pass WSE often fell below the levee top elevation
especially in the median and high levee cases (Fig. 16ab).
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Figure 17. Backwater transect elevation data. Lidar elevation maps of the areas
surrounding the (a) Greg Pass-wetland (same extent as Fig. 2e) and (b) Main Pass-
secondary channel transects (same extent as Fig. 2d). Elevations in the primary channels
and island center are overestimated because of water cover during the lidar survey.
Extracted and smoothed elevation profiles for the (c) Greg Pass-wetland and (d) Main
Pass-secondary channel transects. The star indicates the measured bed elevation in the
secondary channel.

We validated the backwater-calculated g time series using concentration-depth profile (Fig.
8), Greg Pass survey (Fig. 11ce), and orange peel data (Section 3.4.2). Measured flow
depths correspond well to the backwater model, especially considering the range of values
between the low and high levee cases for the Greg Pass-wetland transect (Fig. 18, row 1).
Backwater-estimated flow velocities are low compared to the orange peel-measured flow
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velocities (Fig. 18, row 2), potentially due to local topographic effects at the orange peel
measurement location. Unit discharge measurements agree well with backwater results
(Fig. 18, row 3) because relatively shallower depths offset the relatively faster orange peel
flow velocities. Measured suspended sediment concentrations were used to calibrate
sediment concentration time series and hence compare well to the time series (Nghiem,
Salter, et al., 2022; Fig. 18, row 4). Finally, sediment flux measurements are reasonably
close to the backwater-modeled sediment flux time series (Fig. 18, row 5).
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validation data. Data for the median levee case are displayed as the solid curves in the
Greg Pass-wetland (GP-W) transect panels. Shaded areas represent the range between
the low and high levee cases. For all panels except the unit discharge panels (row 3), the
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two colors indicate values at the transect endpoints. The unit discharge panels have only
a single color because unit discharge is assumed to be conserved.

In the wetland, the backwater-modeled unit discharge time series demonstrate the
importance of levee elevation for setting hydrological connectivity with the primary
channel because taller levees block flow. For the Greg Pass-wetland transect, we estimated
no discharge into the island when the primary channel WSE fell below the levee top
elevation. Levee top elevations for the three levee cases reveal drastically different levels of
hydrological connectivity between Greg Pass and the Mike Island wetland. In the spring,
the Greg Pass WSE fully overtopped the low and median levees and mostly overtopped the
high levee (Fig. 19abc), indicating leading to unit discharges that scaled inversely with
levee top elevation. Like the unit discharge, sediment flux was the greatest for the low
levee case and decreased with levee top elevation (Fig. 19d). Conversely, in the summer,
the Greg Pass WSE regularly fluctuated above and below the median levee and only rarely
overtopped the high levee (Fig. 19fg), indicating much weaker hydrological connectivity
and, as a result, much lesser discharge and sediment flux compared to spring. The Greg
Pass WSE still mostly overtopped the low levee (Fig. 19e). The low levee top elevation
effectively represents small secondary channels that have dissected the levee (Fig. 16c),
indicating that secondary channels are required to maintain connection between Greg Pass
and the wetland. To evaluate the effect of tides, we ran a low-pass fifth-order Butterworth
filter (Sendrowski and Passalacqua, 2017) on the WSE time series to remove high
frequency tide fluctuations (period < 24.84 hr based on significant tidal period reported by
USGS at the Calumet stream gauge). In the spring, tides did not significantly affect
whether flow in Greg Pass could overtop in the three levee cases (Fig. 16a). However, in
the summer, tides allowed flow in Greg Pass to overtop the median levee during times
when the tide-removed WSE was consistently below the median levee top elevation (Fig.
16b).
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In contrast to the levee-mediated hydrological connectivity in the wetland, the secondary
channel of the Main Pass-secondary channel transect maintained flow in the summer (Fig.
19h) because the secondary channel sits at low enough elevation to tap into the flow from
Main Pass (Fig. 17d). Sediment flux into the secondary channel far exceeded the sediment
flux into the wetland (Fig. 19i) and is similar to the sediment flux achieved in the low levee
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case of the wetland in spring (~2x107° to 4x10°® m? s*; Fig. 19d). Tides had no effect on
whether flow from Main Pass could enter the secondary channel because the Main Pass
WSE was always high enough to flow into the secondary channel (Fig. 16e). Thus, the
Main Pass-secondary channel transect highlights that secondary channels are important for
connecting the primary channel and island especially during low flow in the summer.

We compared flow variables to better understand the relationships between overbank flow
depth, velocity, and discharge into the island. In the spring for the Greg Pass-wetland
transect (Fig. 20a), the flow velocity into the island wetland (i.e., q divided by flow depth)
increases with depth at low depths because the lateral water surface slope into the channel
is steeper (Fig. 15¢) and increasing depth drives flow down the hydraulic gradient. But
beyond a certain depth, velocity decreases because the driving hydraulic gradient becomes
increasingly shallow and outweighs the effect of increasing depth (Fig. 15c¢). This tradeoff
causes a peak q (e.g., q = 0.08 m? s* for the high levee case), which is sustained as depth
increases because velocity decreases at roughly the same linear rate. However, g finally
decreases at even higher depths because water surface slope becomes even shallower and
causes Vvelocity to decreases at a rate faster than linear that outpaces the increasing depth.
This final stage of decreasing g with greater depth is less apparent in the median and high
levee cases probably because the Greg Pass WSE did not achieve high enough depths. In
the summer (Fig. 20b), this relationship between flow velocity, depth, and unit discharge
for flow between Greg Pass and the wetland is similar, but more scattered probably because
the lower Greg Pass WSE often disconnected flow into the island and the greater tidal
versus river influence could not sustain as steep lateral water surface slopes (Fig. 15c). The
peak q varies for each combination of season and levee case (Fig. 20ab) and implies that
the precise feedback of depth, velocity, and discharge into the island depends on the precise
inverse relationship between lateral water surface slope and depth.
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Figure 20. Backwater-modeled flow depth versus flow velocity entering Mike Island for
the Greg Pass-wetland transect in the (a) spring and (b) summer and for (c) the Main
Pass-secondary channel transect in the summer. Gray lines indicate contours of g.

In contrast to the intricate hydraulic feedback that sets flow into the wetland, the depth of
flow entering the secondary channel in the summer has a strong monotonically increasing
trend with flow velocity (Fig. 20c). This pattern occurs because the inverse relationship
between depth and lateral water surface slope into the island (i.e., along the secondary
channel) is absent in the secondary channel. Rather, the lateral water surface slope is
relatively insensitive to flow depth in the secondary channel (Fig. 15d). The physical
interpretation is that the WSE in the secondary channel approximately rises and falls
together with the Main Pass WSE, but water is not retained and accumulated in the island
interior where the secondary channel debouches. Instead, water is efficiently drawn away
down the island at the roughly the same pace as it is supplied, preventing this part of the
island from filling and reducing the lateral water surface slope. This hydraulic response
probably occurs because the secondary channel is located in a more proximal part of Mike
Island, which sits at higher elevation and is less flooded. As a result, water can be more
easily drained down the island.
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Discharge into the island carries suspended sediment, which we investigated using the
primary channel sediment concentration time series and the backwater-calculated g time
series to calculate the sediment flux into the island. Sediment fluxes from Greg Pass into
the wetland in the spring were greater than those in the summer (Fig. 19di) because of
higher q and sediment concentration, which was driven by higher river discharge (Fig. 2b).
Levee top elevation is a critical filter on water and sediment flux into the island because the
primary channel water surface must overtop the levee to have any flow into the island. This
consideration is apparent in the Greg Pass-wetland transect in the summer, when the levees
often blocked the flow from entering the island (Fig. 19efg). Conversely, the secondary
channel was incised deep enough to bypass the levee and maintain flow from Main Pass in
the summer (Fig. 19i). Beyond a simple presence or absence of flow based on levee
elevation, our findings allow us to present a conceptual understanding of the dynamics of
water and sediment flux into the island. In general, unit discharge and primary channel
sediment concentration are inversely correlated (Fig. 19), but the variability in sediment
concentration is small compared to that of unit discharge leading to a tight correlation
between unit discharge and sediment flux (Fig. 19di). The inverse correlation occurs
because falling tide increases the delta longitudinal slope and local sediment entrainment
and concentration in the primary channel (Fig. 14; Fig. 15ab), but also lowers the primary
channel WSE and hence reduces the depth of flow entering the island. In most cases,
shallower flow leads to lower discharge because they are positively correlated (Fig. 20).
However, an exception occurs in the wetland scenario when the flow is too deep because
the island begins to fill, reducing the lateral water surface slope, flow velocity, and
ultimately the unit discharge (Fig. 20ab). This inverse relationship between depth and
discharge is responsible for the occasional periods of positive correlation between sediment
concentration and discharge in the wetland data (Fig. 19ab).

5.5.3 Sediment transport in the island

Once sediment enters the island, sediment transport processes within the island determine
whether sediment can actually settle and build land in the island. Here we explore island
sediment transport mechanisms and the degree to which islands can capture sediment.

Vegetation is thought to be a key factor for facilitating sediment deposition in islands
because it slows the flow in islands compared to in primary channels (Stumpf, 1983; Styles
etal., 2021). Tides adjust the WSE base level over time and propagate these base level
changes landward through both the primary channel and island. If vegetation slows flow in
the island, then we expect tidal fluctuations to lag in the island compared to in the primary
channel. We tested this idea by calculating the time lag between the primary channel and
island WSE time series using peaks and troughs in WSE as points of comparison. We
isolated the tidal component of the WSE time series using the high-pass version of the filter
in Sect. 5.2 and Fig. 16abe and standardized the high-passed time series. We matched
peaks and troughs between paired primary channel and island WSE time series according
to the closest matching value and second time derivative within one hour of time lag.
Results show no clear difference between peaks and troughs in terms of in time difference
between the primary channel and island responses to tidal WSE changes (Fig. 21). We
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found a short mean time difference between Greg Pass and the wetland in the spring

that is statistically indistinguishable from zero (one-sample t-test p = 0.61; Fig. 21a). In the
summer, WSE responded to tidal changes earlier in Greg Pass compared to the wetland by
a statistically significant mean of 3.6 min (p = 7.3x10°%; Fig. 21b). Denser island vegetation
in the summer (Fig. 3cd) might have slowed flow in the island and delayed the island WSE
response. Although island vegetation was present in the spring (Fig. 3ab), it might not have
been dense enough to significantly slow the flow. Flow depths in the island were also
greater in the spring than in the summer (Fig. 15), causing smaller friction coefficient for
the same roughness height (Eq. 3).
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between primary channel and island for the Greg Pass-wetland transect in the (a) spring

and (b) summer and for (c) the Main Pass-secondary channel transect in the summer.

In contrast to the relatively short time lags in the wetland, the secondary channel had a

mean time lag of 18.7 min with Main Pass leading the secondary channel (p = 1.9x103;
Fig. 21c). This time lag likely represents the time required for the Main Pass flow input to

travel through the secondary channel to the measurement site (Fig. 17c), rather than
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enhanced friction in the island, because the flow was confined to the secondary channel
and hence relatively insensitive to landward tide propagation through the island wetland.
This interpretation is consistent with our results indicating the minimal influence of island
interior filling on secondary channel water surface slope (Fig. 15d; Fig. 20c). The ratio of
the horizontal distance (540 m) and time lag in the secondary channel yields a velocity of
0.48 m s, which is faster than measured and modeled flow velocities (~0.1 to 0.3 m s%;
Fig. 7b; Fig. 20c) but still reasonably close.

Even if vegetation can induce slower flow in the island, sediment still must settle fast
enough to deposit in the island and build land. To evaluate this question, we computed the
time series of lateral sediment advection length, la, into the island based on the backwater-
derived g time series and a representative mud settling velocity (Section 3.1.1). For the
Greg Pass-wetland transect, maximal advection lengths were ~400 m and occurred in the
low levee case in the spring (Fig. 22a). However, advection lengths were typically up to
~100 m and lower for all other Greg Pass-wetland cases (Fig. 22ab). In contrast, the
advection length in the secondary channel in the summer was much longer (range of ~80 to
1200 m) because the unit discharge was greater (Fig. 22b). The typical width of Mike
Island is 900 m, implying that much of the island sediment input, which is mostly mud
(Fig. 8cd), can settle and be retained, at least temporarily, in the island because the
advection length is usually much shorter than the island width. However, advection length
in the secondary channel exceeded Mike Island width at times (Fig. 22b), indicating that
this sediment might bypass the island altogether. But we expect this bypass to be minimal
because advection length exceeded Mike Island width for only brief periods of time (Fig.
22b) and the secondary channel flow spreads out laterally once it drains into the island
interior and likely induces deposition. But ultimately, short advection length does not
guarantee longer term storage and burial in the island because sediment might be
dynamically settling and entrained in the island.
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backwater-derived q time series (Fig. 19) and a representative mud settling velocity of
0.3mms?
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To assess the degree to which entrainment affects island sediment concentration, we
computed the ratio of island and primary channel sediment concentrations, €, at each time
step of the sediment concentration time series for the two transects (i.e., at the transect
endpoints). If no entrainment occurred in the island, then we expect sediment concentration
to decay exponentially with distance from the primary channel into the island under steady
flow due to sediment advection and settling (e.g., Zeichner et al., 2021): € = exp(—I,Ax)
where |, comes from Fig. 22 and Ax (m) is the distance transported into the island. In the
spring, Greg Pass and wetland sediment concentrations were roughly equal over time (Fig.
23a). In contrast, sediment concentration in the island (i.e., wetland and secondary channel
sites) was systematically higher than the concentration in the corresponding primary
channel by a factor of ~1.5 for Greg Pass-wetland and ~3 for Main Pass-secondary channel.
All of these observations are inconsistent with sediment transport by advection and settling
in the absence of entrainment, which predicts smaller island sediment concentration
compared to the primary channel (Fig. 23). So although sediment entering the island still
advected and settled with distance, island sediment entrainment probably counterbalanced
the vertical sediment settling flux and prevented a decrease of sediment concentration into
the island.
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5.6 Discussion

5.6.1 Sediment transport mechanisms between delta channels and islands
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5.6.1.1 Field Data Conclusions

Although our point measurements of hydraulics and sediment at WLD are discontinuous in
time and space, they provide conceptual insight into the fluvial and tidal processes that
deliver sediment from channels to islands in a river-dominated delta. First, we highlight the
importance of island levee elevation relative to the water surface elevation (Fig. 1) for
controlling spatial patterns of water and sediment flow in the island. We showed that the
unit discharge, measured by ADCP during flood tide, and sediment flux flowed in the
landward direction in northern proximal parts of Mike Island, but flowed in the seaward
direction in more southern distal parts of the island (Fig. 5a; Fig. 9a). One possible
explanation is that the higher elevation island levees in the northern part of the island
reduced the hydrological connectivity between the island and the adjacent channel, as
evidenced by the subaerial levees in the drone photos (Fig. 3ac). During flood tide, water
and sediment could be funneled up the island from the lower elevation distal areas that
were better connected to adjacent channels and the offshore tidal boundary. We also
measured unit discharge and sediment flux directed into the island in the more distal
location, but away from the island in the more proximal location (Fig. 5ab; Fig. 9ab). This
pattern suggests that taller levees can block flow from entering the island, but shorter
levees can facilitate flow into the island.

Flow in the channels tended to be deeper, faster (Fig. 7ab), and have greater shear velocity
(Fig. 7ef) than that in the island, implying that loss of channelization and lateral spreading
when water and sediment flow into the island aids deposition of the supplied sediment.
Roughness heights from the law of the wall (Eg. 1) were similar between channel and
island (Fig. 7cd), but the island had greater friction coefficients because of the shallower
depth relative to roughness height. Similar roughness heights between the channel and
island appear counterintuitive because the bed in the channel was much sandier than that in
the island (Fig. 12ab), but submerged vegetation might have contributed to increasing
roughness in the island (e.g., Baptist et al., 2007).

The suspended sediment in WLD was mostly mud (Fig. 8cd; Fig. 9cd), which can settle
fast enough relative to the flow to be readily captured in the island (Fig. 10ce). Individual
grains of mud have slow settling velocity because of their small size, suggesting that mud
might settle too slowly to build any appreciable island deposits and simply be advected out
to sea. However, Nghiem et al. (2024) found that mud in WLD tended to flocculate into
aggregates (i.e., flocs) that settle faster than individual grains. Using their typical floc
settling velocity of 0.3 mm s and estimates of unit discharge into the island from a
longitudinal survey of Greg Pass discharge, we found horizontal sediment advection
lengths of 100 m and shorter (Fig. 10c), which are much shorter than the width of Mike
Island and imply that suspended mud can readily settle in the island. This tradeoff should
vary between deltas depending on the sediment settling velocity (set by grain size and
flocculation) and island size. In line with the advection length results, recent island
deposits, sampled using shallow sediment cores (Fig. 12c) and a sediment cap transect (Fig.
13), were muddy.
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5.6.1.2 Time Series Data Conclusions

Water surface elevation time series reveal the frequency of primary channel overflow into
the island. Overtopping was typical in the spring between the Greg Pass and wetland sites
(Fig. 16a) because the river discharge entering WLD was high (Fig. 2b). However, the
Greg Pass and wetland sites were often disconnected, depending on the levee top elevation
(Fig. 16b), during low river discharge conditions in the summer (Fig. 2b). High tides can
temporarily reestablish connection when the primary channel water surface elevation is, on
average, lower than the levee top elevation (Fig. 16b). In contrast to the wetland, the
secondary channel (Fig. 2d) maintained flow in the summer because it has incised through
the levee at low enough elevation (Fig. 17d), consistent with the idea that secondary
channels nourish island centers with sediment for them to keep pace with sea level rise
(Salter and Lamb, 2022).

Once the water level in the primary channel overtops the edge of the island, the primary
channel supplies the island with water and sediment. We used time series data to
understand mechanisms of sediment transfer into the island via (1) sediment source in
primary channels, (2) sediment flux entering the island, and (3) sediment transport within
the island. Our main findings are demonstrated in Fig. 24.
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Figure 24. Summary time series of primary channel and island sediment transport for the
Greg Pass-wetland and Main Pass-secondary channel transects at representative times.
The blue time series in panels d, e, and f represent the unit discharge, g. We used low
levee case for the Greg Pass-wetland panels.

First, the primary channel sediment concentration inversely correlates with the primary
channel water surface elevation and depth of flow into the island (Fig. 24abc) because
falling tide draws down the water surface and enhances the longitudinal water surface slope
along the delta as the tide signal takes time to propagate landward and vice versa (Fig.
15ab). Greater longitudinal water surface slope causes greater shear stress in primary
channels, thereby locally entraining more sediment and increasing sediment concentration
(Partheniades, 1965; De Leeuw et al., 2020).

Next, the sediment flux into the island is the product of an intricate hydrodynamic feedback
between the primary channel and island. The inverse feedback between primary channel
entrainment and water surface elevation causes lower sediment concentration to be linked



206
to greater depth of flow into the island. For the wetland, greater flow depth into the
island causes faster flow velocity and, hence, unit discharge into the island despite a
concurrent reduction in lateral water surface slope into the island as the island fills with
water (Fig. 24de). But beyond a certain flow depth, increasing depth causes the lateral
water surface slope to shallow to such an extent that the flow velocity begins to decrease
and the unit discharge achieves the maximum. The peak unit discharge is maintained
momentarily as the depth further increases because greater depth balances out slower flow
velocity (Fig. 20ab). But even greater depths eventually cause flow velocity to decrease
faster than depth increases, producing a net decrease in unit discharge that can be observed
at the greatest depths in Fig. 24de. On the other hand, flow depth and velocity increase
together at all observed flow depths for the secondary channel (Fig. 20c) because water
does not substantially accumulate and raise the water surface elevation (i.e., decrease lateral
water surface slope) in the vicinity of the secondary channel in the island. Overall,
sediment flux into the island is tightly correlated with unit discharge into the island (Fig.
24ghi), despite the fact that primary channel sediment concentration is often inversely
related to discharge via flow depth (Fig. 19), because the variability of discharge outstrips
the variability of sediment concentration. These facts imply that, although tides drive
dynamic fluctuations in unit discharge and sediment flux entering the island, river
discharge is more important for maximizing discharge and sediment flux because it
increases island inundation and primary channel sediment concentration through local
sediment entrainment and sediment supply from upstream. Tides are also more likely to
rework existing delta deposits.

Finally, island hydrodynamics control the distribution and potential longer term accretion
of sediment in the island. Mud can readily settle in Mike Island because the advection
length is typically shorter than island width (Fig. 22). Furthermore, near-surface deposits of
Mike Island (Fig. 12c; Fig. 13) were muddy, proving the ability of the island to build land
out of mud. Despite the capacity of the island to accrete mud, sediment does not simply fall
out of suspension quiescently and deposit on the island. Bed sediment entrainment in the
island occurs simultaneously and leads to the absence of sediment concentration decay with
distance into the island (Fig. 23). The net difference between sediment deposition and
entrainment fluxes in the island over sufficiently long timescales ultimately sets island
accretion rate.

5.6.2 The effect of vegetation on flow through islands

Past hydrodynamic modeling studies have often selected roughness relations for vegetated
island wetlands without field data constraints. Three different treatments of vegetated
wetland roughness in WLD produced a wide range of friction coefficients (Fig. 7cd),
indicating that the treatment of vegetated wetland roughness has been highly variable and
somewhat arbitrary to date because roughness is typically treated as a tuning parameter.
Our in situ wetland roughness measurements provide new data to better characterize
vegetated wetland roughness for future studies.
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Vegetation has been often cited as a mechanism to baffle and slow flow in wetlands
(Stumpf, 1983; Styles et al., 2021). Our time lag analysis supports this behavior because
tidal changes in the wetland lagged behind those in a primary channel during the summer
when vegetation was dense (Fig. 21b). In contrast, we did not detect a statistically
significant time lag in the spring, likely because of the sparser vegetation and greater flow
depths in the wetland.

5.6.3 Stratigraphy of the Wax Lake Delta

The near-surface stratigraphy of the WLD islands has been classically described as sand-
rich (Roberts et al., 1980; Roberts et al., 1997), an observation that is paradoxical to our
muddy shallow sediment core samples (Fig. 11) and the muddy cap on Mike Island (Fig.
12). We suggest that the evolution of sediment supply and island accretion in WLD can
explain the paradox. Prior to 1973, large volumes of sand had accumulated in Grand Lake,
just upstream of the Wax Lake Outlet (Roberts et al., 1980). At this time, sediment supply
to WLD was mud-rich, building up the muddy bay bottom. The 1973 Mississippi River
flood flushed large amounts of sand from Grand Lake into WLD, building up the subaerial
sand-rich islands (Roberts et al., 1980; Roberts et al., 1997). Recent sediment transport in
WLD is mud-dominated (Nghiem et al., 2024), which has probably since deposited the
muddy cap on top of the island sand bodies. This scenario is consistent with efficient mud
retention implied by the short sediment advection lengths relative to island size (Fig. 10).
Mud will likely continue to be the main driver of sediment accretion in WLD because of
the muddy suspended sediment supply and the observed erosion of distributary channels
(Shaw et al., 2013), which makes it more difficult for coarser sand grains traveling closer to
the bed to reach the upper water column and be transported into islands.

5.6.4 Implications for delta island resilience

Delta islands must aggrade through sedimentation to keep pace with relative sea level rise
in order for a river delta to be sustainable. It is well known that increased flooding of deltas
encourages sedimentation via increased sediment supply, providing a negative feedback to
help maintain the delta elevation in the face of flooding caused by sea level rise (Paola et
al., 2011). In line with prior work (e.g., Olliver et al., 2020), we found greater sediment
fluxes into the island at higher river discharge because of the higher sediment concentration
and degree of hydrological connectivity between primary channel and island. But at the
same river discharge, the island discharge and sediment flux increase with lower levee
elevation and secondary channels. Secondary channels deliver sediment directly into the
island interior at greater sediment fluxes than those at taller levees. Thus, sediment flux via
secondary channels supplies island interiors with sediment and stabilizes them against sea
level rise, especially when flow cannot overtop levees (Salter and Lamb, 2022).

Although some flooding via sea level rise aids sediment supply and sedimentation in delta
islands, too much sea level rise will simply drown islands with insufficient sediment input
to compensate. We observed this drowning effect at high tides. High depths of flow into the
island cause the discharge to decline with increasing overbank depth (Fig. 20a). Island
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discharge falls at these high depths because the lateral water surface slope into the
channel becomes too shallow, which slows the flow velocity to the extent that it outweighs
the effect of higher depth on island discharge. In the extreme case, complete drowning
eliminates discharge and sediment flux into the island altogether by total flattening of the
lateral water surface slope. At this point, delta islands are in danger of being irreversibly
lost to sea level rise. On the other hand, flooding via river discharge can counteract
drowning because it can carry greater sediment concentration from upstream and deposit
this sediment to aggrade the island, such as in WLD during the 1973 Mississippi River
flood (Roberts et al., 1980).

Finally, sufficient amounts of sediment must be captured and retained in deltas for
sedimentation to be effective at offsetting sea level rise (Kolker et al., 2012; Esposito et al.,
2017). Much attention has been focused on the trapping and retention of sand to improve
coastal land resilience (Nittrouer et al., 2012; Nittrouer and Viparelli, 2014; Meselhe et al.,
2016). However, our observations of muddy surface deposits in Mike Island support the
idea that mud retention might also be important for maintaining coastal land (Esposito et
al., 2017).

5.7 Conclusion

We conducted fieldwork in the Wax Lake Delta, a river-dominated delta in the Mississippi
River Delta complex, to evaluate how sediment is supplied to delta islands. We first
measured detailed local data on hydraulics, suspended sediment, and sediment deposits in
primary channels, an island wetland, and a secondary channel in the spring and summer. In
particular, we measured flow velocity profiles in the Mike Island wetland, providing key
constraints on hydraulic roughness in vegetated island wetlands compared to the wide
variability from past modeling studies that empirically tuned roughness. Consecutive
discharge measurements in Greg Pass, one of the primary channels bounding Mike Island,
show that flow depths and speeds entering the island were small enough for mud, which
formed the bulk of the suspended sediment, to gravitationally settle in the island. This high
potential mud retention is reflected in recent muddy deposits on the bed and at shallow
depth in Mike Island. The abundance of mud in Mike Island highlights the importance of
mud, not only sand, for accreting coastal land.

We next used time series data to explore the mechanisms that set sediment concentration in
primary channels, bring water and sediment into the island, and transport sediment within
the island. We used in situ water surface elevation and sediment concentration time series
at two transects, one between Greg Pass and a wetland and one between Main Pass
(another primary channel of Mike Island) and a secondary channel. Water surface elevation
time series reveal that tall levees block flow from entering the island, but the secondary
channel bypass this barrier because it has incised deeper and maintains connection with the
primary channel.

But once the primary channel floods into the island, sediment and hydraulic feedbacks
cascade together to determine sediment transport between primary channels and islands.
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Primary channels are the source of sediment for islands. Water surface elevation and
sediment concentration data show that primary channel sediment concentration increases as
the tide falls because the longitudinal water surface slope becomes steeper and increases
bed stress and local sediment entrainment, and vice versa. However, in terms of sediment
flux into the island, backwater modeling results reveal that tidal variation in unit discharge
into the island dwarfs the tidal variation in primary sediment concentration. In the wetland,
flow depth, velocity, and discharge into the island initially increase with depth at low
depths because of greater depth and steeper lateral water surface slope set by tides. Water
surface slope shallows as the tide and depth rises and the island fills with water, eventually
reducing the flow velocity and discharge into the island akin to island drowning by sea
level rise. These dynamics are absent in the secondary channel because its water and
sediment flux directly reflect supply from the primary channel. Thus, discharge and
sediment flux into the island scale strongly together except for brief periods of high
inundation in the wetland when increasing depth causes decreasing island discharge.
Within Mike Island, a time lag of tidal water surface elevation changes suggests that dense
summer vegetation likely slowed flow in the island wetland relative to the primary channel,
in line with conventional ideas of flow baffling by vegetation. Typical horizontal advection
lengths for mud were typically shorter than the width of Mike Island and indicate efficient
sediment capture in the island, which is consistent the abundance of mud deposits in Mike
Island. However, comparison of sediment concentration between the primary channel and
island shows that sediment concentration did not decrease into the island probably because
bed sediment entrainment in the island counteracted the deposition flux in the island. Thus,
the difference between sediment deposition and entrainment fluxes in the island determines
the long-term aggradation and survival of delta islands.
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Chapter 6

FLOCCULATED SILT, NOT CLAY MINERALS, DOMINATES RIVER
SUSPENDED SEDIMENT LOAD

Justin A. Nghiem, Gen K. Li, Miguel Zepeda-Rosales, Youli Li, and Michael P. Lamb

Abstract

Mud widely contributes to earth surface processes from land building to the carbon cycle.
Riverine mud transport depends on grain size and mineralogy because they affect the degree
to which mud flocculates into aggregates with faster settling velocity. However, the
relationships between these factors are poorly known. Here we investigate the grain size,
mineralogy, and flocculation state of mud using a suspended sediment data compilation from
lowland rivers and new measurements from the Mississippi River Delta complex. Results
show that most river suspended sediment is silt (~77% by mass) and most of the mud is
flocculated (~88%). X-ray diffraction data reveal that clay minerals compose the majority of
sediment in the clay size class (i.e., finer than 2 pum), giving clay size a quantitative
mineralogical interpretation. However, the paucity of clay-sized suspended sediment
indicates that clay minerals are sparse among flocculated sediment (~17%). The prevalence
of silt flocculation and deficiency of clay minerals in rivers pose a paradox against the
classical paradigm that clay minerals and salinity drive flocculation and instead support
organic matter binding and physical trapping as the causes of silt flocculation. Lowland rivers
primarily transport flocculated silt (~62%), highlighting its importance in the global sediment
cycle.

6.1 Main Text

Mud (grains < 62.5 pm) dominates sediment transported from the continents to the oceans
(Lane and Kalinske, 1941; Johnson, 1943; Jordan, 1965). Mud is a critical resource because
it builds land (Asselman and Middelkoop, 1995; Esposito et al., 2017) and transports
pollutants (Nelson and Lamothe, 1993) and organic carbon (Bouchez et al., 2014; Bianchi et
al., 2024). However, mud transport in rivers has conventionally been difficult to predict
because river mud is thought to behave as washload. The washload hypothesis predicts that
mud grains are so small and settle so slowly that they act as passive tracers supplied by
external sources, like soil erosion and landslides, and hence cannot be predicted with local
river variables (Einstein et al., 1940; Einstein and Chien, 1953). But recent work has
challenged this view. In many rivers, mud is flocculated into aggregates called flocs that have
substantially faster settling velocities akin to those of coarse silt and fine sand (Lamb et al.,
2020; Nghiem et al., 2022). Enhanced floc settling velocity promotes dynamic local
exchange of mud between the bed and the flow and facilitates mud concentration predictions
based on local sediment and hydraulic conditions (Lamb et al., 2020).
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The transport behavior of river mud relies on flocculation. Mud is conventionally thought
to flocculate due to the cohesive interaction of surface charges on clay minerals (i.e.,
phyllosilicates) and salinity in saltwater (Van Leussen, 1988; Manning and Dyer, 2007,
Verney et al., 2009) and freshwater environments (Gibbs, 1983; Gibbs and Konwar, 1986;
Goldberg and Forster, 1990). Theory describing the salt-driven flocculation of clay minerals
is well-developed (Derjaguin and Landau, 1941; Verwey, 1947). In contrast, the precise
cause of mud flocculation in rivers is unclear because river mud is a heterogeneous mixture
of grain sizes and minerals (Partheniades, 1977; Krishnappan, 2000; Droppo, 2001). A
simplifying assumption is that clay minerals correspond to the finest sediment because
crystal defects limit their size to the sub-pm to um scale (Velde, 1995; Meunier, 2006). This
fact was recognized even in the 1920s when Wentworth (1922) surveyed leading geologists
to devise the now-standard grain size classification of clastic sediment in which mud
represents the finest grains and is composed of clay- and silt-sized grains. The silt size class
represents the sediment coarser than clay size but finer than sand and is thought to be rich in
feldspar and quartz and devoid of clay minerals (Russell, 1937). Wentworth assumed that
the clay size class is composed exclusively of clay minerals. Although Wentworth originally
proposed 4 um as the boundary between clay and silt sizes, here we use 2 um (e.g., Velde,
1995; Assallay et al., 1998; Garcia, 2008) because it better separates clay and non-clay
minerals (Jackson et al., 1948; Milliken and Hayman, 2019).

Field measurements show that silt composes much of the suspended sediment in many rivers
(Bouchez et al., 2011; Lupker et al., 2011; Baronas et al., 2020; Moodie et al., 2020),
suggesting that clay minerals might compose a small fraction of suspended sediment. If so,
a paradox emerges: How does river mud flocculate with sparse clay minerals? Contrary to
well-established flocculation theory (Derjaguin and Landau, 1941), can silt flocculate in the
absence of clay minerals? Or are silt grains in rivers actually silt-sized clay minerals, counter
to Wentworth’s assumption that clay minerals are clay-sized? For example, Dunne et al.
(2024) proposed that flocculated silt grains are hyper-stable aggregates of smaller clay
minerals that withstand mechanical and chemical dispersion in grain size analysis protocols.
Ultimately, these questions stand because of a lack of mechanistic understanding of the
interplay between mud grain size, mineralogy, and flocculation state in lowland rivers.

To address these questions, we compiled a global dataset of suspended sediment
concentration-depth profiles and grain size distributions from 12 lowland rivers and new
measurements from the Wax Lake Delta, Louisiana, USA, part of the Mississippi River Delta
complex. We determined which grain sizes were flocculated using in situ settling velocities
inferred from grain size-specific concentration-depth profiles (Lamb et al., 2020; Nghiem et
al., 2022). In addition, we analyzed the mineral composition of our Wax Lake Delta sediment
samples with X-ray diffraction (XRD) and compiled separate river suspended sediment XRD
datasets to quantify the relationship between grain size and mineralogy of river suspended
sediment. Our analysis reveals that lowland rivers primarily transport mud as flocculated silt
dominated by non-clay minerals. These findings demonstrate that river mud can flocculate
under low clay abundances, suggesting that alternative flocculation mechanisms like organic
matter binding and physical trapping of silt, rather than salt-driven processes, occur in
lowland rivers.
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Silt dominates river suspended sediment

First, to quantify the grain size of river suspended sediment, we computed depth-averaged
silt and mud fractions using a data compilation of suspended sediment concentration-depth
profiles and grain size distributions from rivers and the Wax Lake Delta (Methods). We used
117 profiles from 12 rivers that span diverse environmental conditions globally from the
Nghiem et al. (2022) data compilation and 27 profiles from the Wax Lake Delta.

In most rivers, silt dominates depth-averaged suspended sediment (median of 77% and IQR/2
= 10% by mass hereon) (Fig. 1). Mud is similarly prevalent in river suspended sediment
(median of 79% and IQR/2 = 11%), reflecting the fact that most of the mud is silt (median
of 97% silt within mud). Accordingly, the median of the suspended Dso is 23 pm in the silt
range. In contrast, clay-sized sediment is a very small proportion of river suspended sediment
(median of 2.4% and IQR/2 = 1.7%). Although individual mud grains settle very slowly, we

show in the next section that the in situ settling velocity of mud in rivers ultimately depends
on flocculation.
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Figure 1. Mud and silt percentages (by mass) of depth-averaged river suspended
sediment. Each point represents a sediment concentration-depth profile. In each marginal

histogram, the central line indicates the median. The lines on each side of the central line
indicate the median plus and minus IQR/2.

Mud in rivers is flocculated

To test the degree to which mud flocculates in rivers, we followed Lamb et al. (2020) and
inferred in situ settling velocity as a function of grain size by fitting the Rouse-Vanoni
equation (Rouse, 1937) to grain size-specific sediment concentration-depth profiles
(Methods). The Rouse-Vanoni equation predicts sediment concentration as a function of
height above the bed and the in situ settling velocity. We partitioned concentration-depth
profiles from the same data compilation used in Fig. 1 into profiles for individual grain size
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classes and calculated in situ settling velocities that best fit the observed concentrations
according to the Rouse-Vanoni equation.

We found that suspended mud in global rivers and the Wax Lake Delta has enhanced in situ
settling velocity relative to the expected settling velocity of individual grains (Fig. 2a). We
attribute this pattern to in situ flocculation that aggregates these grain sizes into faster settling
flocs (Lamb et al., 2020). Direct evidence of flocculation from in situ particle size and settling
velocity measurements corroborate this interpretation for the Wax Lake Delta data (Nghiem
etal., 2024). For each concentration-depth profile, the floc cutoff diameter indicates the grain
size threshold below which grains are flocculated and above which grains are unflocculated
(Nghiem et al., 2022). We calculated the flocculated sediment percentage—the mass
percentage of depth-averaged suspended sediment finer than the floc cutoff diameter and
hence flocculated.

We found that a majority of the depth-averaged suspended sediment is flocculated sediment
(median of 68% and IQR/2 = 20%) (Fig. 2b). In particular, most of the mud is flocculated
(median of 88% and IQR/2 = 17%) (Fig. 2c). This fact, combined with the fact that most of
the mud is silt (Fig. 1), implies that most of the silt is flocculated. Given that flocculation is
typically associated with clay minerals (Van Leussen, 1988; Manning and Dyer, 2007) and
river flocs are dominated by silt, how is it then that flocs form in rivers? One possibility is
that clay mineral grains are larger than expected and extend into silt sizes. We explore this
idea next using XRD to measure suspended sediment mineralogy.
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Figure 2. River suspended sediment flocculation. (a) Grain diameter and in situ settling
velocity inferred from grain size-specific concentration-depth profiles (Lamb et al.,
2020). Settling velocity theory is the predicted settling velocity for individual sediment
grains using the Ferguson and Church (2004) model. Histograms of (b) flocculated
sediment percentage and (c) percentage of mud that is flocculated (by mass) for depth-
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averaged river suspended sediment. Each count represents a sediment concentration-
depth profile. In each histogram, the central line indicates the median. The lines on each
side of the central line indicate the median plus and minus IQR/2.

Clay-sized sediment is mostly clay minerals

We tested whether clay sizes correspond to clay minerals in river suspended sediment using
measurements of grain size distribution and mineral compositions for our Wax Lake Delta
samples. We measured bulk (i.e., whole sample) mineral percentages with quantitative XRD
analysis (Methods) for 28 suspended samples as well as 2 bed and 8 shallow core sediment
samples as constraints on the coarse-grained end member.

For the Wax Lake Delta samples, bulk quartz and clay mineral percentages correlate
positively and negatively, respectively, with median grain diameter, Dso (um), in a nearly
symmetrical pattern (Fig. 3a). These trends are consistent with the classical idea that clay
minerals tend to be finer than quartz (Wentworth, 1922; Russell, 1937). We tested many
grain size thresholds to find the optimal grain size, 3.3 um (R? = 0.70), where the percentage
finer achieves the highest linear correlation with bulk clay mineral percentage (Fig. 3b). This
optimal threshold is close to the typical clay-silt size boundaries of 2 and 4 um, but the precise
interpretation is unclear because these bulk clay mineral percentages average over many
grain sizes.
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Figure 3. Bulk grain size and mineralogy of Wax Lake Delta sediment samples. (a)
Median grain diameter, Dso, versus bulk quartz and clay mineral percentages. (b)
Diameter for fraction finer versus R? of the linear correlation with bulk clay mineral
percentage.

To more precisely connect grain size and clay mineral percentage, we compiled a dataset of
XRD clay mineral percentages measured in known grain size classes of suspended sediment
in many lowland rivers (Methods). The data show a clear decrease of clay mineral percentage
with grain diameter (Fig. 4a). The clay size class has high clay mineral percentages (~75 to
100%), while the silt size class has moderate clay mineral percentages (~25 to 50%). This
pattern adheres to the expectation that clay minerals tend to be finer, but the lack of a sharp
grain size threshold between the total absence and presence of clay minerals indicates that
clay and non-clay minerals each have a broad spectrum of grain sizes spanning clay and silt
sizes.

To identify the full grain size distributions of clay and non-clay minerals, we developed a
grain size-clay mineral model that mixes clay and non-clay mineral grain size distributions
weighted by the bulk relative abundance of clay and non-clay minerals (Methods). We
assumed that the grain size distributions are log-normal, which is a well-tested approximation
for sediment (Harris, 1958; Spencer, 1963; Folk, 1966). We fitted the model to the data
compilation to invert for the relative clay mineral abundance and the log-normal mean and
standard deviation of each grain size distribution. The fit matches the data well (R? = 0.86;
Fig. 4a). The inverted log-normal distributions reveal that non-clay minerals tend to be
coarser (mode = 17.7 um) than clay minerals (mode = 10.1 um), but they have similar
geometric standard deviations of ~2 um (Fig. 4b). Put another way, non-clay minerals are
almost totally coarser than clay sizes (~99.9% of non-clay minerals coarser than 2 pm)
because they are likely dominated by feldspar and quartz (Russell, 1937). But similarly,
nearly all (~99%) clay minerals are coarser than clay sizes (2 pm), a result that conflicts with
the idea that the clay minerals are clay-sized. However, clay minerals might still comprise
the majority of sediment in the clay size class, a possibility that we evaluate next.
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Figure 4. Clay minerals by grain size in river suspended sediment. (a) Grain size versus
clay mineral percentage in river suspended sediment. Line segments represent XRD clay
mineral percentages in known grain size classes from the clay mineral data compilation.
The parameters for the total fit are K = 1.96, («c = 2.32, oc = 0.71) for clay minerals, and

(un = 2.87, on = 0.67) for non-clay minerals, in which grain diameters, D1 and D2, have

units of um. See Methods for explanations of model parameters. The thin curves
represent models calibrated for Wax Lake Delta suspended sediment samples (Methods).
(b) Grain size distributions of clay and non-clay minerals in river suspended sediment
inferred from the fitted grain size-clay mineral model. Distributions are weighted
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according to K. (c) Grain size versus clay mineral percentage in sediment finer than that
grain size for Wax Lake Delta suspended sediment samples.

To test the extent to which clay sizes are clay minerals, we calculated the clay mineral
percentage in sediment finer than a series of grain size thresholds by integrating the grain
size distribution and modeled clay mineral percentages (Methods). Here we focused on the
Wax Lake Delta suspended sediment samples because the other XRD clay mineral data lack
grain size measurements. For each sample, we calibrated the grain size-clay mineral model
by tuning the relative clay mineral abundance so that the modeled bulk clay mineral
percentage matches the measured value (Fig. 4a). We also added data for 153 Wax Lake
Delta suspended sediment samples that have grain size distribution measurements but lack
XRD data by predicting the bulk clay mineral percentage with the percentage finer than 3.3
um (Fig. 3b). Results reveal that the grain size at which clay minerals compose half of the
finer sediment ranges from 1.4 to 18.9 um (Fig. 4c). The minimum is close to the common
clay-silt size boundary of 2 um, at which clay minerals dominate the sediment finer (median
of 70%, IQR/2 = 6.7%, and range of 39 to 90%). In fact, the clay mineral percentage exceeds
50% for sediment finer than 2 pum in almost all samples (~87%). We expect this fact to be
robust in rivers beyond the Wax Lake Delta because the clay mineral percentage for Wax
Lake Delta samples for each grain size is near the lower bound of the river clay mineral data
(Fig. 4a), implying that clay minerals would typically be the majority of sediment finer than
2 um in river suspended sediment. These facts suggest a quantitative interpretation of the
clay size class: Suspended sediment finer than 2 pm is at least half clay minerals by mass.

This new interpretation of the clay size class implies that silt contains only a minor amount
of clay minerals. Depth-averaged clay mineral percentages within silt for the Wax Lake Delta
concentration-depth profiles confirm that clay minerals constitute a minor part of the silt
(median of 17% and IQR/2 = 4.4%). To evaluate flocculated silt specifically for the Wax
Lake Delta concentration-depth profiles, we calculated the depth-averaged flocculated silt
percentage using the floc cutoff diameter to delineate flocculated grain sizes (Nghiem et al.,
2024; Methods). We further determined the clay mineral portion of the flocculated silt using
the modeled clay mineral percentages (Methods). For the Wax Lake Delta, flocculated silt-
sized clay minerals compose a minor part of the total suspended sediment (median of 15%
and IQR/2 = 4.8%; Fig. 5a). Similarly, clay minerals are only a modest part of the flocculated
silt (median of 17% and IQR/2 = 4.0%). The Wax Lake Delta data indicate that flocculated
silt composes a major part of the total suspended sediment (median of 67% and IQR/2 =
12%). To more broadly evaluate the flocculated silt percentage, we extended the data to the
global river data compilation (Nghiem et al., 2022) using the same approach. Across the
combined river and Wax Lake Delta data, flocculated silt is a major portion of river
suspended sediment (median 62% and IQR/2 = 18%; Fig. 5b).
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Figure 5. Silt flocculation in river suspended sediment. (a) Depth-averaged flocculated
silt and silt-sized clay mineral percentages (by mass) in the Wax Lake Delta. Each point
represents a sediment concentration-depth profile. (b) Histogram of flocculated silt
fraction for the combined Wax Lake Delta and global river data compilation (Nghiem et
al., 2022). The central line indicates the median. The lines on each side of the central line
indicate the median plus and minus IQR/2. All percentages are out of the total depth-
averaged suspended sediment concentration.

Resolving the paradox of silt flocculation

Our results support three facts about suspended silt in rivers: (1) most river suspended
sediment is silt (Fig. 1), (2) most suspended silt is flocculated (Fig. 2bc), and (3) most
suspended silt, total and flocculated, is composed of non-clay minerals (Fig. 5a). Combined,
we conclude that flocculated silt, poor in clay minerals, forms the majority of river suspended
sediment (Fig. 5b). This finding is consistent with the fact that soil (e.g., Allen and Hajek,
1989; Lynn et al., 2002; Journet et al., 2014) and marine mudrock (e.g., Milliken and
Hayman, 2019), which represent the input and output sediment of rivers respectively, are
commonly composed of silt dominated by non-clay minerals. Crucially, the preponderance
of flocculated silt in rivers reaffirms the paradox of silt flocculation: If the interaction
between clay minerals and salinity causes flocculation, why does river silt, deficient in clay
minerals, flocculate? We suggest the answer is that alternative flocculation mechanisms are
in play in rivers. Studies have suggested that silt flocculates because of physical trapping in
initially clay mineral-rich flocs (Te Slaa et al., 2013; Shchepetkina et al., 2017; Tran and
Strom, 2017; Xu et al., 2022) and binding by sticky organic matter (Chase, 1979; Furukawa
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et al., 2014; Lee et al., 2019). In fact, Zeichner et al. (2021) hypothesized that the
introduction of large amounts of organic matter by early land plants caused widespread mud
flocculation in rivers and, ultimately, the dramatic increase of alluvial mudrock beginning in
the Silurian.

Although we found that silt is depleted in clay minerals overall, we also found evidence that
clay minerals are predominately silt-sized in river suspended sediment (Fig. 4b). This idea
appears to conflict with the fact that crystal growth constraints inherently limit the grain size
of clay minerals to a few pum and finer (i.e., clay to fine silt size) (Velde, 1995; Meunier,
2006). We reconcile these facts by interpreting silt-sized clay minerals as being contained in
stable silt-sized aggregates (Virto et al., 2008; Tan et al., 2017; Dunne et al., 2024). These
aggregates host individual sub-um to pum sized clay mineral crystals and possibly silt grains
too, but effectively behave in situ in rivers as primary grains, rather than fragile flocs, because
they withstand dispersion associated with sampling and lab treatment. Past work showing
scanning electron microscope images of clay minerals associated with silt-sized aggregates
supports this explanation (Bohor and Hughes, 1971; Woodward and Walling, 2007).
Aggregates can develop in hillslope soil and erode into the river (Slattery and Burt, 1997,
Cantodn et al., 2009) where hydrodynamic forces break up aggregates and leave only the most
stable aggregates intact (Grangeon et al., 2014). In addition, the experiments of Tan et al.
(2017) showed that, even in the absence of organic matter, clay minerals can naturally form
10 to 20 um sized aggregates resistant to breakage in water, which is consistent with the 10.1
um mode of our inverted clay mineral grain size distribution (Fig. 4b).

Our study applies very broadly to suspended sediment in lowland alluvial rivers because we
relied on large data compilations. As such, the precise conditions in specific rivers can differ
from our conclusions. However, we expect some consistency between rivers. Rivers drain
continents composed of largely felsic crust, which supplies rivers with sediment rich in
quartz and feldspar that eventually weathers into clay minerals. Rivers sort sediment
downstream by particle abrasion and selective deposition (e.g., Paola et al., 1992), which are
mediated not only by sediment properties and hydraulics (Joseph et al., 2001; Frings, 2008;
Trower et al., 2017) but also the formation of flocs and stable aggregates (Tan et al., 2017).
The universality of these processes in rivers might thus support the validity of our results for
lowland alluvial river in general. Finally, the culmination of river and sediment processes
might lead to the emergence of a consistent clay-silt size boundary in which 2 um is the grain
size at which at least half of the sediment finer is clay minerals (Fig. 4c). This definition
contrasts with the classic clay-silt size boundary, motivated by clay mineral crystal
properties, because natural river sediment processes blur clay minerals across clay and silt
sizes and necessitate a more nuanced interpretation as proposed here.

6.2 Methods
6.2.1 Wax Lake Delta sediment sampling

We sampled suspended, bed, and core sediment in the Wax Lake Delta as part of the NASA
Delta-X project in two field campaigns in spring and summer 2021. The sampling protocols
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and data are fully documented in Nghiem et al. (2024), Nghiem, Salter, and Lamb (2024),
and Nghiem et al. (2025) and summarized here. We sampled suspended sediment from a
boat using a Van Dorn sampler at multiple heights above the bed to obtain suspended
sediment concentration-depth profiles in channels and a flooded delta island. We sampled
bed sediment using a Ponar grab sampler. We sampled sediment cores in shallow water areas
using a custom piston core. We filtered suspended and bed samples through 0.2-pm pore size
filter paper and measured the sediment concentration of the suspended samples in the lab by
weighing the dry sediment. We measured the dispersed grain size distribution of all samples
using a Malvern Mastersizer 3000E laser diffraction particle size analyzer. We computed
depth-averaged grain size distributions using the trapezoidal rule between suspended
sediment samples in the vertical (Nghiem et al., 2024). For each concentration-depth profile,
we measured the flow velocity profile using an acoustic Doppler current profiler mounted to
the boat. We fitted the flow velocity profile using the law of the wall (Garcia, 2008) to
estimate shear velocity, u, (ms¥).

6.2.2 Inferring in situ settling velocity from concentration-depth profiles

We used inferred in situ settling velocities as a function of grain size reported in Nghiem et
al. (2022) and Nghiem et al. (2024), and summarize their method here. Following the Lamb
et al. (2020) method, they calculated in situ settling velocity by fitting the concentration-
depth profiles to the Rouse-Vanoni equation (Rouse, 1937). The Rouse-Vanoni equation
assumes a vertical sediment flux balance between turbulence and gravitational settling and
models sediment concentration, C, as a function of height above the bed, z (m), in a flow of
depth h (m):

h—z P

C= Cb h—Zhb (1)

hy,

The near-bed concentration, Cy, is the reference concentration at the near-bed height, hy (m),
which is the bottom boundary of the concentration-depth profile. We assumed h—hb = 0.1 (De

Ws
(kBu.)’
depth profile and depends on the von Karman constant, « = 0.41, the ratio of the in situ
sediment setting velocity, ws (m s2), and shear velocity, u,, and the ratio of sediment and
turbulent momentum diffusivities, A. Higher p causes greater concentration closer to the bed
compared to that near the water surface and vice versa.

Leeuw et al., 2020). The Rouse number, p =

controls the shape of the concentration-

We divided each concentration-depth profile in the data compilation into individual profiles
for each grain size class using the grain size distribution measurements. We fitted the Rouse-
Vanoni equation (equation (1)) to each grain size-specific concentration-depth profile and
estimated the grain size-specific Rouse number, which we combined with shear velocity
measurements to calculate settling velocity. Although £ is difficult to predict (De Leeuw et
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al., 2020), we assumed 8 = 1 because the choice of different g treatments has limited
effect on the enhanced settling velocity pattern in Fig. 2a.

6.2.3 X-ray diffraction mineralogy analysis of Wax Lake Delta sediment

We used ~100-mg splits of 38 sediment samples (2 bed, 8 core, and 28 suspended sediment
samples) from the Wax Lake Delta (Nghiem et al., 2024) to measure the bulk mass
percentages of minerals using XRD analysis. We analyzed each sample in a Malvern
Panalytical Empyrean powder diffractometer (45 kV, 40 mA Cu source with a Bragg-
Brentano mirror and 1D solid-state detector) in the Materials Research Laboratory at the
University of California, Santa Barbara. For each sample, we scanned continuously from 5
to 40°26 for ~15 minutes at a step size of 0.013°26. We performed XRD phase quantification
using background fitting, peak identification, and Rietveld refinement in the HighScore Plus
software. We used crystal structure data from the Inorganic Crystal Structure Database
(Zagorac et al., 2019) and American Mineralogist Crystal Structure Database (Downs and
Hall-Wallace, 2003). We refined the March-Dollase factor to correct for preferred orientation
of clay minerals (Dollase, 1986). The Rietveld-refined XRD patterns capture the key features
of the measured XRD patterns despite goodness-of-fit values greater than 1 (Fig. 6).
Goodness-of-fit values closer to 1 typically, but not always, indicate a better Rietveld fit
(McCusker et al., 1999; Toby, 2006). We quantified the mineral mass percentages of each
sample in bulk (i.e., not size fractionated) for quartz and a suite of clay, feldspar, and
carbonate minerals included to best match the measured and Rietveld-refined XRD spectra.
We summed the percentages of the different clay minerals (chlorite, illite, kaolinite, mica,
montmorillonite, and vermiculite) into a single clay mineral percentage for each sample.
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Figure 6. XRD goodness of fit of Wax Lake Delta sediment samples versus (a) median
grain diameter, (b) clay mineral percentage, and (c) diameter where finer sediment is
50% clay minerals calculated from grain size-clay mineral model (Fig. 4c). The legend in
panel a applies to all panels.

Goodness of fit values range from about 2 to 6, indicating imperfect Rietveld fits to measured
XRD patterns (Fig. 6). Rietveld fits better match measured XRD patterns for sediment
samples that are finer (Fig. 6a) and more rich in clay minerals (Fig. 6b). Lower quality
Rietveld fits occur for coarser samples because Rietveld refinement struggles to reproduce
feldspar peaks (Fig. 7a). On the other hand, the feldspar peaks are smaller and well-captured
for finer, more clay mineral-rich samples (Fig. 7b). Overall, we expect our XRD phase
quantifications to be reliable despite the relatively high goodness of fit values because
Rietveld refinement captures the dominant peaks in the XRD patterns well for our
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heterogeneous natural samples (Fig. 7). Diffuse scattering from amorphous material,
which is not modeled by the Rietveld method, and orientation effects might be sources of
mismatch between fitted and measured XRD patterns. These sources might have larger
effects in coarser samples, leading to relatively poorer fits (Fig. 6a).

The feldspar percentage is likely underestimated for coarser samples because two key
feldspar peaks are not well fitted (Fig. 7a), leading to overestimation of the clay mineral
percentage. In this case, the true sediment would be even more depleted in clay minerals and
provide further support for our finding of sparse clay minerals in flocculated sediment (Fig.
5a). At the same time, overestimated clay mineral percentage would mean that the diameter
where finer sediment is 50% clay minerals should be smaller than reported (Fig. 6¢). Thus,
the conclusion that suspended sediment finer than 2 um is at least half clay minerals might
need to be shifted down to a finer grain size threshold (Fig. 4c). However, this scenario would
still favor 2 um rather than 4 um for the clay-silt size boundary because a finer grain size
threshold would always be closer to 2 pm.
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Figure 7. Example measured and Rietveld fitted XRD patterns for a (a) clay mineral-rich
and (b) clay mineral-poor suspended sediment sample from the Wax Lake Delta. Clay
minerals include chlorite, illite, kaolinite, mica, montmorillonite, and vermiculite.
Feldspars include andesine, anorthite, anorthoclase, bytownite, labradorite, microcline,
oligoclase, orthoclase, plagioclase, and sanidine. Background has been subtracted from
the patterns for display purposes.

6.2.4 Clay mineral fraction data compilation and model
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The XRD clay mineral data compilation contains XRD clay mineral percentage measured
within known grain size classes from physically separated river suspended sediment
fractions. The data compilation covers 54 rivers, 314 unique suspended sediment samples,
and 643 total grain size splits of those samples across the Amazon basin (Gibbs, 1965),
United States (Kennedy, 1965; Hsieh, 1972; Johnson and Kelley, 1984; Piper et al., 2006),
and the Ganges and Brahmaputra Rivers (Garzanti et al., 2011). The data show strong
decreasing trend between clay mineral percentage and grain size (Fig. 4a) despite scatter
probably caused by differences in the precise mineralogy between samples and source
lithology between rivers. The large size of the data compilation also mitigates the fact that
the precise grain size and XRD methods varied between data sources.

The grain size-clay mineral model predicts the clay mineral percentage, fc (%), of sediment
between grain sizes D1 and D> (um) assuming a mixture of log-normal clay and non-clay
mineral mass-based grain size distributions:
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where uc and o are the log-normal mean and standard deviation for clay minerals and un and
on for non-clay minerals. The relative mineral abundance, K, is the bulk mass ratio of the
non-clay and clay minerals. For the total fit, we fitted the model parameters (uc, oc, un, on,
and K) against measured grain size-specific clay mineral percentages from the entire XRD
clay mineral data compilation (Fig. 4a). In the data compilation, we counted all
phyllosilicates as clay minerals and summed their fractions into a single clay mineral
percentage. We used a nonlinear optimization algorithm (Kraft, 1994; Johnson, 2007) to find
the parameter values that minimize the residual sum of squares between the data and
predictions from equation (2). We used a constraint in the optimization to force a monotonic
decrease of clay mineral fraction with grain size up to the coarsest sand size of 2000 um (Fig.
4a). We interpret the negligible sand fractions of the inverted grain size distributions (Fig.
4b) not as a lack of suspended sand, but as showing that the sand part of the distributions is
not necessary to fit the data (Fig. 4a). As a result, K = 1.96 for the total fit indicates that non-
clay minerals are about twice as abundant as clay minerals in suspended sediment within the
grain size limits required for model fitting.

For showing grain size versus clay mineral fraction (Fig. 4a), we derived a version of the
clay mineral fraction model (equation (2)) that predicts the clay mineral fraction given a
precise grain diameter, D (um), using 1’Hopital’s rule:
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6.2.5 Calculating clay mineral fractions for Wax Lake Delta suspended sediment
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We calibrated the grain size-clay mineral model for each Wax Lake Delta suspended
sediment sample by tuning the relative mineral abundance, K (equation (2)). We kept the
log-normal parameters from the total fit (Fig. 4a) and found the K value that, given the grain
size distribution, perfectly reproduces the bulk clay mineral percentage, f. (%), according to

fe =Zn:fifa- (4)

where fi (dimensionless) is the mass fraction in the ith grain size class and fci is the clay
mineral percentage in the ith size class calculated using equation (2). Although the
Mastersizer measures grain size distribution in terms of volume fractions for f;, we assumed
that the volume and mass fractions are equivalent because we expect sediment density to
vary little across grain size and common minerals (i.e., quartz, feldspar, and clays). We used
Newton’s method on equation (4) with the measured f,. to solve for K. Similarly, we
calculated the fraction of clay minerals in ith size class versus the total suspended sediment
as f;f.; and summed across classes to compute total clay mineral contributions from clay,
silt, and mud size classes (Fig. 4c; Fig. 5a). We calculated depth-averaged fractions by
weighting by concentration and integrating using the trapezoidal rule (Nghiem et al., 2024).
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Chapter 7

CONCLUSION

In Chapter 1, I introduced the three topics of my thesis in order of increasing spatial scale of
flocculation: predicting river floc settling velocity (Chapters 2 and 3), linking floc settling
velocity to mud transport theory and delta land building (Chapters 4 and 5), and
characterizing the grain size, mineralogy, and flocculation state of suspended sediment
across alluvial rivers globally (Chapter 6).

In Chapter 2, | developed a semi-empirical model to predict floc diameter and settling
velocity in rivers as a function of turbulence, sediment concentration and mineralogy, organic
matter concentration, and water chemistry. | calibrated the model using a data compilation
of inferred river floc settling velocity. Importantly, the model incorporates explicitly the
effects of sediment mineralogy, organic matter concentration, and water chemistry on flocs,
which had been missing from the original floc model. The model was somewhat limited
because the floc settling velocity data were indirect. Thus, in Chapter 3, | verified the model
using direct field data of flocs from the Wax Lake Delta, including floc photos, sediment
samples, and in situ particle size and concentration data. | also tested a physics-based floc
settling velocity and identified two overlooked factors. First, mixed grain sizes and the
approximate fractal structure of flocs lead to an effectively smaller primary particle diameter
than would be expected from primary particle size distribution. Second, flow through the
floc can enhance floc settling velocity, but this effect remains difficult to predict because
permeability models often do not consider a distribution of particle sizes.

Chapters 4 and 5 are dedicated to investigating mud transport. In contrast to conventional
washload theory for rivers, | showed that mud is more consistent with bed-material load due
to flocculation in the Wax Lake Delta using suspended and bed sediment data, in situ water
depth and sediment concentration time series, and remotely sensed sediment concentration
maps (Chapter 4). The bed-material load treatment for flocculated mud paves the way to
improve predictions of mud concentration using local flow and bed measurements in the bed-
material entrainment theory, even for muddy cohesive beds found in river deltas. Chapter 5
focuses on the sediment transport from primary channels into islands at the Wax Lake Delta.
Point measurements and time series data of hydraulics and sediment flux across the Wax
Lake Delta show that island levee elevation relative to primary channel water surface
elevation is a key control because flow from the channel must overtop the levee to carry
water and sediment into the island. | interpreted the field data as telling an intricate feedback
between tides, river discharge, and sediment entrainment. Increasing inundation of island
wetlands promotes discharge and sediment flux into the island, but only up to a certain point
beyond which the hydraulic gradient between primary channel and island wetland shallows
out and reduces the flow. Conversely, secondary channels are incised deep enough to bypass
the barrier of levee top elevation and can consistently route water and sediment into the island
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with little tidal modulation. Mud can be readily captured in the island because the settling
velocity, enhanced by flocculation, is fast compared to the flow for mud to settle in the island
rather than bypassing it.

Chapter 6 probes fundamental questions about the characteristics and transport state of mud
in rivers. Using suspended sediment grain size and mineralogy data from the Wax Lake Delta
and a river data compilation, | showed that most river suspended sediment is flocculated silt.
This silt contains only a minor proportion of clay minerals, indicating that the flocculation
of clay minerals is probably not responsible for much of the mud flocculation in rivers.
Instead, organic matter binding and physical trapping of silt in flocs are likely the main
flocculation mechanisms in rivers.

This thesis provides a starting point to predict the transport and fate of mud in rivers and
deltas. Despite the advances demonstrated here, much is still unknown about mud
flocculation and transport. For example, the river floc model in Chapter 2 still relies on
empirical factors, highlighting the lack of fundamental understanding of flocculation
mechanisms. The physics-based floc settling velocity model in Chapter 3 is also uncertain
because floc permeability is difficult to predict. These shortcomings exist because
flocculation is an inherently complicated interaction between heterogeneous flow and
sediment factors. The novel combination of floc data measured in Chapter 3 will likely
continue to yield useful insights into floc settling velocity, especially permeability, but in the
end will be limited by the inability to investigate at the micro-scale. Instead, observations at
the individual floc scale will be key to pushing first-principles knowledge of the detailed
interactions between floc factors. These advances will then be valuable for even further
improving predictions of mud concentration and flux in rivers and deltas like those presented
in Chapters 4 and 5.



