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Mud in rivers transported as flocculated and
suspended bed material
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Riverine transport of silt and clay particles—or mud—builds continental landscapes and dominates the fluxes of sediment and
organic carbon across Earth's surface. Compared with fluxes of sand-sized grains, mud fluxes are difficult to predict. Yet, under-
standing the fate of muddy river sediment is fundamental to the global carbon cycle, coastal landscape resilience to sea-level
rise, river restoration and river-floodplain morphodynamics on Earth and Mars. Mechanistic theories exist for suspended sand
transport, but mud in rivers is often thought to constitute washload—sediment with settling velocities so slow that it does not
interact with the bed, such that it depends only on upstream supply and is impossible to predict from local hydraulics. To test
this hypothesis, we compiled sediment concentration profiles from the literature from eight rivers and used an inversion tech-
nique to determine settling rates of suspended mud. We found that mud in rivers is largely flocculated in aggregates that have
near-constant settling velocities, independent of grain size, of approximately 0.34 mm s, which is 100-fold faster than rates
for individual particles. Our findings indicate that flocculated mud is part of suspended bed-material load, not washload, and

thus can be physically described by bed-material entrainment theory.

ud has long been thought to constitute the washload—the

portion of river sediment loads that settles too slowly to

actively interchange with or be sourced from the sediment
bed'?. Unlike the coarser bed-material load that can be predicted
from entrainment relations that depend on particle size and bed
fluid stresses’, washload flux is governed by sediment supply from
upstream™’. Consequently, mud transport is thought to depend on
catchment geology, climate-influenced weathering rates and physi-
cal weathering processes in uplands such as landsliding, all of which
are difficult to constrain®. Thus, in the absence of a universal theory,
mud transport must be measured directly, which is hard to do for
all rivers at all times®.

Although mud is often assumed to be washload either by defini-
tion' or by its low abundance in the riverbed (<10% by mass, for
example), observations suggest that mud does interact and inter-
change with the bed sediment. For example, a 2 pm clay particle has
such a small settling velocity that it should be transported ~1,500 km
downstream before it settles through a 5m water column, given a
typical river velocity of 1ms™. This extreme transport distance,
however, is inconsistent with geochemical tracer observations
that show mud has transport lengths ~100-fold shorter’. Even on
floodplains with slower and shallower flows, settling clay should be
dispersed tens of kilometres from river channels. However, observa-
tions show that lowland rivers are bounded by levees actively built
by overbank flows—many of these are composed of mud, some with
high clay contents (for example, ~50%; ref. ). Moreover, deposition
rates on alluvial ridges decline exponentially away from the channel
and imply transport lengths of tens to hundreds of metres”'’, not
tens of kilometres.

We investigated the hypothesis that mud transport can be pre-
dicted from relations for suspended bed-material load based on

evidence that mud is flocculated and thus has considerably greater
settling velocities than are typically assumed"'. Flocculation is the
processes by which particles aggregate to form composite struc-
tures, referred to as flocs' It is well accepted that flocculation
controls transport and depositional patterns of mud in estuaries
and marine environments", where saline water neutralizes min-
eral surface charges and reduces repulsion between particles' and
where organic matter can help bind particles into aggegates'>'c.
However, flocculation is generally assumed to be negligible in
freshwater rivers, and it is not included in models of river sedi-
ment transport and fluvial morphodynamics™'’. Nonetheless,
flocs have been observed in some freshwater rivers in association
with organic matter'”%,

Suspended sediment concentration profiles

We evaluated flocculation in rivers using a global compilation of
180 sediment concentration profiles from 8 lowland, sand-bedded
rivers (Methods). If flocculation is important, it should affect the
reach-scale sediment transport dynamics of rivers, which would
be reflected in the vertical concentration profiles of the mud frac-
tion". Furthermore, we tested whether or not suspended mud is
part of the suspended bed-material load (rather than washload)
by comparing near-bed mud concentrations to theory for equi-
librium bed-material entrainment®, while accounting for floc-
culation and the small percentage of mud that exists in the beds
of rivers.

Vertical concentration profiles of suspended sediment in riv-
ers are set by a balance between an upward flux of sediment due to
turbulent mixing and a downward flux due to particle settling; this
is represented at equilibrium by Rouse theory", written here for a
mixture of particle sizes,
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Fig. 1| Sediment suspension profiles. a, Schematic cross-section of H and bed slope S showing a concentration profile governed by w,; and u-. Flocculation
increases w,, resulting in a greater concentration gradient with depth. b, Example grain-size-specific vertical concentration profiles from the Ganges
River® showing that sand follows Rouse theory (equation (1)), whereas the mud fraction deviates substantially from theory when using w,. The best-fit

Rouse number was used to find wg; .

" [(H-a)/a

where C; is the volumetric sediment concentration of a given
(ith) grain-size class at elevation z above the bed, C, is the
grain-size-specific near-bed reference concentration at z=a, and H
is the flow depth. P, denotes the Rouse number for grain-size class i:

Wi eff
P =5
Pikursx

(2)
in which w, . is the effective particle settling velocity, k=0.41 is
von Karman’s constant, u« is the skin-friction portion of the bed
shear velocity (Methods)—used here rather than total shear veloc-
ity based on the finding of Leeuw et al.”’—and f, is a factor that
accounts for differences in the fluid turbulence and sediment dif-
fusivities, and turbulence damping due to stratification (Methods).
Individual mud particles have such small settling velocities that
P.«1 (equation (2)), and therefore concentration profiles with depth
should be constant (that is, C,(z) = C,; Fig. 1a). If mud is flocculated,
however, w, . will be larger than the theoretical settling velocity for
individual particles, w,, causing a vertical gradient in the concentra-
tion profiles of mud (Fig. 1a). Suspended sediment stratification can
also can cause concentration profiles to deviate from Rouse theory
due to the suppression of turbulent mixing’; however, turbulence
damping should affect concentration profiles of all particle sizes by
modifying u« or 3, whereas flocculation should affect only the fin-
est fractions by modifying w,, ;. Thus, the grain-size specific verti-
cal concentration profiles from rivers can be used to calculate w,;
from equations (1) and (2) and to determine whether mud in rivers
is flocculated.

We compiled sediment-size-specific concentration profiles, bed
grain-size distributions and all other parameters needed to con-
strain equations (1) and (2) (Methods). We analysed the mud frac-
tions (grain diameters, D,<62.5 um)—these typically constituted
more than 80% of the suspended sediment in the water column, and
only a small fraction (typically <15%) of the bed material (Extended
Data Fig. 1). The concentration profile for each grain-size class was
fit to equation (1) using least-squares regression applied to the loga-
rithm of the data to find P, and then the effective settling veloc-
ity was calculated from equation (2) (Methods). We also found
the best-fit near-bed concentration for each grain-size class, and
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compared this to an empirical theory for the entrainment of bed
material into suspension (Methods). The theory predicts near-bed
concentration as a function of bed stress and the fraction of each
grain-size class in the riverbed, and fits the sand data from the same
dataset well®.

Enhanced in situ settling velocities of mud particles

The results show substantial differences between the concentra-
tion-depth profiles for mud particles predicted by theory and
those actually observed in rivers (Fig. 1b). While the sand frac-
tions had profiles that agree with Rouse theory, the mud fractions
were not homogeneously mixed as theory predicts. Rouse num-
bers for the sand and coarse silt follow a power-law trend with
ussk / wsi (Fig. 2a), as expected by Rouse theory (equation (2)), and
the relation improves when the dependence of f; on flow resis-
tance, C, is included (Fig. 2b) (Methods). Likewise, effective set-
tling velocities of coarse silt and sand (D,>40um), calculated
from best-fit Rouse numbers, increase with the square of particle
diameter, following theory for the settling of individual particles
(Fig. 2c). However, the mud data deviate substantially from Rouse
theory; they exhibit little trend with u«g/wg (Fig. 2b), suggest-
ing that the mud was flocculated. Moreover, mud particles have
near-uniform effective settling velocities with a geometric mean
0f0.34mm ™! (range: 0.17-0.70 mm s™!, representing one geomet-
ric s.d.)—rates that are up to 400 times larger than those expected
for the settling of isolated particles (Fig. 2c), but are similar to floc
settling velocities observed in estuarine and marine environments
(~1mms; ref. %),

We interpret the near-uniform settling rates (Fig. 2c) and the
deviation from Rouse theory (Fig. 2a,b) of particles D;<40pm as
indications that these particles were flocculated—exhibiting much
greater settling velocities than expected for their individual particle
sizes. The sizes and densities of flocs were inferred from a model for
floc formation?' (Methods), which relates the effective floc diam-
eter, D;, to its submerged specific density: R = R,(Df/Dp)"™ -
where D, and R, are the constituent particle median diameter and
submerged specific density, respectively, and the fractal dimension
is typically n,=2.5. In combination with a settling velocity model*>*
(Methods), we calculated that the freshwater flocs had diameters
of 150-250 pm (similar to fine sand), but with settling velocities
equivalent to ~20 pm silt because of their low submerged densities
(R~ 0.5) (Fig. 3).
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Fig. 2 | Mud transport data compared to theory. a, Best-fit Rouse parameters, P, from suspension S[%fg§s versus u«s, normalized by w;;, showing

systematic deviation of the mud fraction from a one-parameter model for sand*® with g; = 3.4 Lv‘v—k

specific concentration profile, and larger circles are binned geometric means +1s.d. (error bars). b, Same as a tlldtsﬁouse parameters were normalized to

account for the secondary dependence of f3; on C; in the two-parameter model for sand”® with ; = 16.82 (L;V—:>

€23 (Methods). ¢, Effective settling

velocities derived from concentration profiles as a function of particle diameter, showing that the mud fraction systematically deviates from theory**
(black line) for settling of individual particles (Methods). The legend in ¢ applies to all panels.

Our results are consistent with individual observations of fresh-
water flocs in this size range using in situ laser diffraction or micro-
scopic analyses of filtered particles'”**. Freshwater flocs have been
observed to be bound by polymeric organic material and often
colonized by microorganisms* forming composite structures of
inorganic and organic particles, microbial communities and pore
spaces'’. Some riverine flocs may form as soil aggregates; how-
ever, experiments indicate that soil aggregates break up in rivers
due to turbulence, and then reform in equilibrium with fluvial
conditions**”. Experiments also have shown that freshwater flocs
readily form in the presence of some idealized terrestrial organic
polymeric substances®?.

The range in observed effective settling velocities for mud is
surprisingly small given that the data include different rivers with
different shear stresses, sediment-size distributions and catch-
ments with different geology and climates (Extended Data Table
1). Some of these variables are known to affect flocculation dynam-
ics and might explain the observed variability in w,; . (refs. ).
In addition, the variability in effective settling velocities for mud is
similar to that observed for sand (Fig. 2¢), suggesting that the vari-
ability might result from processes not captured in our model. For
example, particle shape alone can account for a factor of ten in set-
tling rates in the absence of flocculation®. And as the Rouse model
(equation (1)) is a one-dimensional approximation of suspension
dynamics, there also is variability in the concentration-depth pro-
file data that underlie the best-fit model used to calculate effective
settling velocity (Fig. 2b,c). Despite this variation, the enhanced
settling rates for mud when compared to the theory for individual
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particles is substantial and systematic across the wide range of rivers
analysed. Flocculation in rivers might be ubiquitous.

Flocculated mud as suspended bed-material load

The large effective settling velocities we observed for mud imply
that these particles might not be the supply-limited passive tracers
assumed in the washload paradigm, but instead can settle to, and be
resuspended from, the riverbed. If correct, mud can be predicted
from bed entrainment theory’'. To test this idea, we compared the
grain-size-specific near-bed concentrations of mud to empirical
theory for equilibrium near-bed concentrations of bed-material
transport that were derived from the sand fractions in our dataset®:

Cai = Afi(u*sk/Wsi)aFrb (3)

where f; is the volume fraction of a certain grain-size class in the bed
sediment, Fr is the Froude number (Methods) and A=4.74x107*,
a=1.77 and b=1.18 are empirical constants. To account for floccu-
lation, we summed the bed fractions and near-bed concentrations
for D; <40 pm, and used the effective settling velocities we inferred
for flocs, rather than settling velocities expected of individual
particles. Accounting for flocculation, the theory for equilibrium
bed-material transport can explain the observed concentrations of
suspended mud as well as coarser silt and sand (Fig. 4). In contrast,
without flocculation, individual mud particles are predicted to have
concentrations up to five orders of magnitude larger than observed,
and in many cases they surpass the theoretical limit of 100% solids
by volume (Fig. 4). This analysis suggests that flocculated mud is
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particles that are inferred to compose flocs (D;< 40 pm), and calculations
for floc diameter and floc submerged specific density for aggregated
particles using floc formation and settling models?’** (Methods).

part of the suspended bed-material load, not washload, and can be
predicted with knowledge of the local hydraulics that entrain mud
from the bed.

Mud dominates the suspended load of rivers while typically con-
stituting a small fraction of the bed sediment (Extended Data Fig. 1);
this has been used previously to infer that mud must be sourced
from upstream and transported as washload”. In contrast, our anal-
yses suggest that suspended mud in the water column is in dynamic
equilibrium with the riverbed material through f; (equation (3)).
Despite small f,, mud dominates the suspended load because of high
entrainment rates driven by large u«g/ws. Although individual
flocs probably do not persist intact through cycles of deposition and
entrainment, flocs may rapidly reform and thereby control mud set-
tling rates despite active bed interchange.

Greater settling velocities of mud due to flocculation help explain
observations of relatively short transport lengths—this has implica-
tions for the residence time of pollutants”*, coastal landscape resil-
ience to sea-level rise™ and the ability of floodplain storage to buffer
changes in the carbon cycle™. The interaction of flocculated mud
with the riverbed also can contribute to morphodynamic feedbacks
between topography, hydraulics and sediment transport that drive
landform evolution. For example, flocculation can explain mud
deposition rates over tens to hundreds of metres on river levees,
the lack of cross-stream fining of overbank floodplain deposits and
clay in channel-proximal deposits®*?. Channel-proximal deposits of
mud may, in turn, control river bank strength, bank erosion rates*
and river channel geometries such as the onset of meandering™.
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of the suspended bed-material load in rivers, as indicated by our
results, then mud and carbon fluxes depend on measurable local
grain-size distributions and flow hydraulics, rather than on the
complex, idiosyncratic weathering and hillslope processes consid-
ered under the washload paradigm.
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Methods

Our database contains 180 concentration profiles from 8 rivers and 62 profiles
from 6 different experimental studies (Extended Data Table 1), although only the
data from natural rivers that contained mud were analysed herein®**-*. This is an
exhaustive compilation of studies that reported suspended sediment profiles C(z),
depth-averaged flow velocity (U), H, S and the grain-size distribution of the bed
material and the suspended sediment samples. The Froude number was calculated
as Fr = U/,/gH, in which g is the acceleration due to gravity. The sand data

(D;> 62.5 pm) was analysed in de Leeuw et al.”” and we followed the same approach
for mud.

Vertical concentration profiles were discretized into grain-size specific classes
as C; = f;Cyor, where C,, is the total suspended sediment concentration for all
sizes. For each grain-size-specific profile, we fit the Rouse formula (equation
(1)) in log-transformed space using linear least squares to find the best-fit Rouse
number, and then calculated the effective settling velocity from equation (2).
Confidence bounds (68%; 16) were determined for the fitted coefficients. Data
were excluded from further analysis if the ratio between the upper and lower
bound of the confidence interval was greater than 10, as these data do not follow a
Rouse relation for unknown reasons (for example, measurement error) and would
appear as sparse outliers. We also eliminated points with P;<0.01, as these profiles
are nearly vertical, which poorly constrains settling velocity to be very near zero.
About 15% of the data were excluded on the basis of these criteria. To calculate the
near-bed reference concentration, we used the fitted Rouse profile to extrapolate or
interpolate the concentration to a reference level at 10% of the flow depth above the
bed, which was found to best collapse the sand data”.

The Rouse equation (equation (1)) can be derived assuming an equilibrium
suspension where the upwards flux of sediment due to turbulence, parameterized
using a parabolic vertical eddy viscosity distribution, is balanced by a downwards
gravitational settling flux'*"". We used the best-fit two-parameter model for fin
the Rouse number (equation (2)) that was found for sand suspensions®; that is,

—0.54

i = 16.82 (%) CP3. The skin-friction portion of the total shear velocity

(minus the portion due to form drag), was calculated using the Manning-Strickler
1/6

relation’, ﬁ =8.1 (%) , where k,= 3D, is the grain roughness on the bed, D, is

the 84th percentile of the cumulative size distribution of bed material and Hy is the
depth due to skin friction. To calculate the settling velocity of individual particles,
—RDIinwhich R=1.6is the
Civ+(0.75C; RgD} )
submerged specific density of sediment, v is the kinematic viscosity of the fluid,
and C,=18 and C,=1 are constants set for natural sediment. The flow resistance
coefficient is Cf = %, where the total shear velocity is u« = /gHS assuming steady,
uniform flow.

To estimate the size of flocs, we used the floc settling velocity model for small

22,23

settling Reynolds numbers”

we used Ferguson and Church”, wg =

1 RygDp"™ Dy
Ws.eff =

b] ~ 4)

where R,=1.6. We estimated D, as the median particle size for all sizes less than
40 pm (that is, those inferred to be flocculated; Fig. 2¢) for each dataset, and set
ng=2.5and b, =100 (ref. ). Inserting these parameters into equation (4) and
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rearranging allowed us to solve for the characteristic floc diameters (Fig. 3).
We then calculated the floc submerged specific density from Kranenburg” as
R = Ry(Dr/D,)" " (Fig. 3).

Data availability
All data used in the study are previously published (Extended Data Table 1) and
available in de Leeuw et al.”’.
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Extended Data Fig. 1| Mud abundances in sand-bedded rivers. Fraction of mud measured in the bed material and that measured from the total
suspended sediment in the water column when depth averaged from the field data in our database (Table S1). Except for the Loup River, mud typically
constitutes > 70% of the suspended sediment, but generally < 10% of the bed material (with the exception of the Yellow River).
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Median bed

. material Water depth, Nun'rbe‘r of Number of
Data source Location - grainsize )
grainsize, Dso H (m) profiles
classes
(pm)
Mississippi at
Jordan [1965] . 189-457 3.54-16.34 12 51
St Louis
Nitrouer et al. Mississippi at
[2011] Empire reach 166-244 12.96-32.38 43 9
Lupker et al. Ganges at
[2011] Harding bridge 159-268 10.0-14.0 31 7
Nordin &
Dempster Rio Grande 166-439 0.2-0.78 12 23
[1963]
Moodie [2019] Yellow River 44-112 1.55-7.65 51 35
Haught et al. .
[2017] Fraser River 300 8.7-14.5 60 25
Hubbell & Middle Loup
Matejka [1959] River 313-517 0.33-1.19 10 20
Colby &
Hembree Niobrara River 226-305 0.24-0.7 7 10
[1955]

Extended Data Table 1| Data sources. Suspended sediment concentration profiles used in our analyses®-*°.
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