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Abstract River mud builds fertile floodplains, combats land loss due to sea level rise, and buries vast
amounts of organic carbon. These processes rely on mud settling velocity, which is set by the grain size,
mineralogy, and flocculation state of mud. Here we determined these factors using a suspended sediment data
compilation from lowland rivers and new measurements from the Wax Lake Delta. Results show that rivers
transport mostly silt-sized grains (~77% by mass). Although flocculation is classically associated with clay
minerals, surprisingly most silt is flocculated (~88%). Clay minerals dominate the clay size class (<2 pm) as
expected, but this size is only a small percentage of the load (2.4%). Clay minerals are sparse among flocculated
sediment (~17%), implying that physical trapping of grains and binding by organic matter instead drive mud
flocculation. Flocculated silt dominates river sediment load (~62%), indicating a new paradigm for river
sediment transport.

Plain Language Summary Rivers move large volumes of fine-grained mud across the land surface
and build floodplains and deltas over time by the settling and deposition of mud. Flocculation controls these
processes by aggregating sediment grains into larger, faster-settling particles. The cohesion of very fine clay
mineral sediment has conventionally been thought to cause flocculation, but this idea clashes with observed
widespread flocculation of silt, the coarser fraction of mud thought to lack clay minerals. We resolved this
paradox using a grain size and mineralogy data compilation of river sediment transported in suspension. Results
show that suspended sediment load is mostly flocculated silt with sparse clay minerals, implying that physical
trapping of sediment and binding by organics, rather than clay mineral cohesion, cause mud flocculation in
rivers. We thus propose a new baseline understanding in which flocculated silt dominates river suspended
sediment load.

1. Introduction

Mud (<62.5 pm) dominates sediment transported from continents to oceans (Jordan, 1965; Lane &
Kalinske, 1941) and is key for building land (Asselman & Middelkoop, 1995; Esposito et al., 2017) and trans-
porting pollutants (Nelson & Lamothe, 1993) and organic carbon (Bianchi et al., 2024; Bouchez et al., 2014).
However, mud transport in rivers is difficult to predict because flocculation aggregates mud grains into larger
particles called flocs that have substantially faster settling velocities akin to those of coarse silt to fine sand (Lamb
et al., 2020; Nghiem et al., 2022).

Mud is conventionally thought to flocculate due to the cohesive interaction of surface charges on clay minerals
(i.e., phyllosilicates) and salinity in saltwater (Manning & Dyer, 2007; Van Leussen, 1988) and freshwater
(i.e., low salinity <0.5 ppt; Gibbs, 1983; Goldberg & Forster, 1990), modulated by turbulence and sediment
concentration (Winterwerp, 1998). Theory for salinity-driven flocculation of clay minerals is well-developed
(i.e., DLVO theory; Derjaguin & Landau, 1941). But the cause of mud flocculation in rivers is unclear because
river mud is heterogeneous across grain sizes and minerals like quartz, feldspar, and clay minerals (Droppo, 2001;
Garcia, 2008). One assumption is that clay minerals correspond to the finest sediment because crystal defects
limit their grain size to the sub-pm to pm scale (Meunier, 2006; Velde, 1995). This tendency was recognized even
in the 1920s when Wentworth (1922) surveyed geologists and devised the now-standard grain size classification
of clastic sediment in which mud is clay- (<2 pm) and silt-sized (2-62.5 pm) grains. Wentworth argued that
the clay size class is almost exclusively clay minerals. Although Wentworth originally divided clay and
silt sizes at 4 pm, 2 pm has been proposed to better divide clay and non-clay minerals (Jackson et al., 1948;
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Milliken & Hayman, 2019). The silt size class is thought to be devoid of clay minerals and rich in quartz and
feldspar (Russell, 1937), which are less susceptible to salinity-driven flocculation.

Recent field measurements show that river suspended sediment is mainly silt (Bouchez et al., 2011; Lupker
etal., 2011) and thus might be deficient in clay minerals. If so, a paradox emerges: How does river mud flocculate
with sparse clay minerals? Contrary to established flocculation theory, can silt flocculate without clay minerals?
Or contradicting Wentworth, is river silt actually silt-sized clay minerals? Dunne et al. (2024) proposed that
flocculated silt in the Mississippi River is not quartz and feldspar, but hyper-stable clay mineral aggregates.
Moreover, older studies that inferred suspended sediment grain size via settling reported higher clay size per-
centages (e.g., Jordan, 1965; Meade et al., 1979) than laser diffraction that has been more commonly used in
recent years.

To address these questions, we compiled a global data set of suspended sediment concentration-depth profiles and
grain size distributions from lowland rivers and new measurements from the Wax Lake Delta, Louisiana, USA, in
the Mississippi River Delta complex. We used these data to infer in situ settling velocities and determine which
grain sizes were flocculated (Lamb et al., 2020; Nghiem et al., 2022). We analyzed the mineralogy of our Wax
Lake Delta sediment with X-ray diffraction (XRD) and compiled existing XRD data to relate grain size and
mineralogy of river suspended sediment. Our analysis reveals a new paradigm: Lowland rivers primarily transport
flocculated silt. The sparsity of clay minerals suggests that organic matter binding and physical trapping of silt
drive flocculation in rivers, not clay mineral charge and salinity as classically assumed.

2. Methods
2.1. River Suspended Sediment Concentration-Depth Profiles

We analyzed 117 suspended sediment concentration-depth profiles across 12 rivers distributed globally from the
Nghiem et al. (2022) data compilation and 27 profiles from the Wax Lake Delta (Text S1 in Supporting Infor-
mation S1). Each profile consists of suspended sediment samples collected at multiple heights above the river bed.
Sediment concentration and laser diffraction grain size distribution of fully dispersed sediment were measured for
each sample. Following the laser diffraction definition, we defined grain diameter throughout as the diameter of a
sphere with the same volume as the grain. We calculated depth-averaged silt and mud percentages using depth-
averaged grain size distributions.

2.2. Flocculation State of Suspended Sediment

To quantify mud flocculation in rivers, we 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 (Lamb
et al., 2020; Nghiem et al., 2022; Text S2 in Supporting Information S1). The Rouse-Vanoni equation predicts
sediment concentration according to height above the bed and in situ settling velocity. We partitioned
concentration-depth profiles (Section 2.1) into profiles of individual grain size classes and calculated the in situ
settling velocities that best fit the observed concentrations according to the Rouse-Vanoni equation. If sediment in
a given grain size class is flocculated, then the in situ settling velocity exceeds the settling velocity prediction for
individual grains because flocculation enhances settling.

2.3. Sediment Mineralogy

We measured bulk (i.e., whole sample) mineral percentages of Wax Lake Delta sediment with quantitative XRD
analysis (Text S3 in Supporting Information S1) for 28 suspended sediment samples as well as 2 bed and 8 core
sediment samples for coarser-grained end members. To more precisely relate grain size and clay mineral per-
centage, we compiled data from 54 lowland rivers of XRD clay mineral percentages measured in known sus-
pended sediment grain size ranges (Text S4 in Supporting Information S1). These grain sizes were effectively
measured by settling and sieving rather than laser diffraction, the method used for the concentration-depth profiles
(Section 2.1). This distinction is important for clay minerals because they tend to have non-spherical platy shapes
(Velde, 1995), which can cause their measured sizes to differ between grain size techniques (Konert & Van-
denberghe, 1997). For instance, settling methods common in older studies (i.e., hydrometer and pipette analysis;
Jordan, 1965; Meade et al., 1979) use Stokes law to calculate grain size as the diameter of a sphere that settles at
the measured rate of the analyzed sediment. Jennings and Parslow (1988) showed that settling likely
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= IQR/2 = 11% diffraction. We corrected the grain size ranges in the XRD clay mineral data
£ silt compilation to match the laser diffraction definition of grain size (Text S5 in
~ 100 - Supporting Information S1).
S
P 3. Results
(@)
S 754 3.1. Silt Dominates River Suspended Sediment
C
8 Silt dominates depth-averaged suspended sediment (median of 77% and half
E 50 - Q¢ 3 the interquartile range IQR/2 = 10% by mass hereon; Section 2.1; Figure 1).
O - o oo i ‘
o D7 oo Mud is similarly prevalent in river suspended sediment (median of 79% and
= s\§\ ) g' IQR/2 = 11%). Specifically, most mud is silt (median of 97% silt within mud)
n o5 o 00 ' NS as also evidenced by the median suspended D5, of 23 pm. In contrast, clay-
QQ i sized sediment is sparse in river suspended sediment (median of 2.4% and
'\‘ 8 :“ IQR/2 = 1.7%). Next, we show that mud, despite its fine grain size, settles at
X R enhanced rates in rivers because of 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. The lines in each marginal histogram indicate the median and
median plus and minus IQR/2.

3.2. Mud in Rivers Is Flocculated

Suspended mud in rivers and the Wax Lake Delta has enhanced in situ settling
velocity relative to the settling velocity of individual grains (Figure 2a), a
pattern we attribute to mud being incorporated into faster settling flocs (Lamb
et al., 2020). Direct floc measurements corroborate this interpretation for the
Wax Lake Delta data (Nghiem et al., 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.

Most depth-averaged suspended sediment is flocculated (median of 68% and IQR/2 = 20%; Figure 2b). Spe-
cifically, most mud is flocculated (median of 88% and IQR/2 = 17%; Figure 2c). Since mud is mostly silt
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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 (Section 2.2). Settling velocity theory is the Ferguson and Church (2004) prediction for
individual grains. Histograms of (b) flocculated sediment percentage and (c) percentage of mud that is flocculated (by mass)
for depth-averaged river suspended sediment. Each count represents a concentration-depth profile. In each histogram, the

lines indicate the median and median plus and minus IQR/2.
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Figure 3. Wax Lake Delta bulk sediment grain size and mineralogy.

(a) Median grain diameter versus bulk quartz and clay mineral percentages.

(b) Diameter for percentage finer versus R? of the one-to-one correlation
with bulk clay mineral percentage.

(Figure 1), most silt is flocculated (median of 88% and IQR/2 = 19%). But if
flocculation only occurs in clay minerals, then how does river silt flocculate?
Silt might actually be rich in clay minerals, a hypothesis that we explore next
using mineralogy data.

3.3. Clay-Sized Sediment Is Mostly Clay Minerals

We evaluated the grain size of clay minerals in river suspended sediment
using grain size and XRD mineralogy data for our Wax Lake Delta samples
(Section 2.3). Bulk quartz and clay mineral percentages correlate positively
and negatively, respectively, with median grain diameter (Figure 3a),
consistent with the expectation that clay minerals are finer than quartz. We
tested many grain sizes to find the optimum, 3.3 pm (R* = 0.70), where the
percentage finer maximizes the one-to-one correlation with bulk clay mineral
percentage (Figure 3b). This optimum is close to the clay-silt size boundary of
2 pm, but the precise interpretation is unclear because bulk clay mineral
percentage averages over the grain size distribution.

To more precisely quantify clay mineral grain size, we turned to our XRD
clay mineral data compilation (Section 2.3). As expected (Figure 3a), the clay
and silt size classes have high (~50% to 100%) and moderate (~25% to 50%)
clay mineral percentages, respectively (Figure 4a). However, the lack of a
sharp grain size threshold between total absence and presence of clay min-
erals indicates that clay and non-clay minerals each have a broad grain size
spectrum spanning clay and silt sizes.

To identify the grain size distributions of clay and non-clay minerals, we
developed a grain size-clay mineral model as a mixture of clay and non-clay
mineral grain size distributions weighted by the bulk relative abundance of
clay and non-clay minerals (Text S4 in Supporting Information S1). We
assumed log-normal grain size distributions, a suitable approximation for
sediment (e.g., Inman, 1952). We fitted the model to the XRD data compi-
lation to calculate the relative clay mineral abundance, K = 1.49, and the log-
normal grain size distribution parameters, (4. = 1.98, 6. = 0.66) for clay
minerals and (¢, = 2.51, 6, = 0.63) for non-clay minerals. The fit matches the
data well (total fit R = 0.84; Figure 4a). The fitted distributions reveal that
non-clay minerals tend to be coarser than clay minerals (median of 12.3 vs.

7.21 pm), but they have similar geometric standard deviations of ~1.9 pm (Figure 4b). Non-clay minerals are
almost totally coarser than clay sizes (99.8% of mass coarser than 2 pm) because they are likely dominated by
feldspar and quartz (Russell, 1937). Nearly all clay minerals are also coarser than 2 pm (97.4%), conflicting with
the idea that clay minerals are clay-sized.

To test the extent to which clay minerals are clay-sized, we calculated the clay mineral percentage in sediment
finer than different grain size thresholds by integrating the grain size distribution and modeled clay mineral
percentages (Texts S4 and S6 in Supporting Information S1). Here we focused on the Wax Lake Delta suspended
sediment samples because other sources lack paired XRD and grain size distribution data. 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 (Figure 4a). We added data from 153 more Wax Lake

Delta suspended sediment samples that have measured grain size distributions, but not XRD data, by using the

percentage finer than 3.3 pm as a bulk clay mineral percentage proxy (Figure 3b). The grain size at which clay
minerals compose half of the finer sediment ranges from 1.49 to 19.2 pm (Figure 4c). Clay minerals dominate

sediment finer than 2 pm (median of 71%, IQR/2 = 6.6%, and range of 40%-91%). The clay mineral percentage

exceeds 50% for sediment finer than 2 pm in almost all samples (~87%). These observations are probably robust

across rivers because the clay mineral percentage for Wax Lake Delta samples is near the lower bound of the river
data compilation (Figure 4a). These results suggest a quantitative clay size interpretation: Suspended sediment
finer than 2 pm is at least half clay minerals by mass.
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Figure 4. Clay minerals by grain size in river suspended sediment. (a) Grain size versus clay mineral percentage. Line
segments represent clay mineral percentages in known grain size ranges from the XRD clay mineral data compilation. The
thick curve represents the total model fit. Thin curves represent models calibrated for Wax Lake Delta suspended sediment
samples (Text S6 in Supporting Information S1). (b) Grain size distributions (weighted by the total fit K) of clay and non-clay
minerals in river suspended sediment inferred from the fitted grain size-clay mineral model. (c) Grain size versus clay
mineral percentage in sediment finer than that grain size for Wax Lake Delta suspended sediment samples.

This clay size interpretation implies that silt is poor in clay minerals. For the Wax Lake Delta concentration-depth
profiles, depth-averaged clay mineral percentages within silt confirm that clay minerals constitute a minor part of
the silt (median of 17% and IQR/2 = 4.4%). To evaluate flocculated silt, we calculated the depth-averaged
flocculated silt percentage using the floc cutoff diameter to delineate flocculated grain sizes (Text S2 in Sup-
porting Information S1). We determined the clay mineral portion of the flocculated silt using the modeled clay
mineral percentages (Text S4 in Supporting Information S1). Flocculated silt-sized clay minerals are sparse in
Wax Lake Delta suspended sediment (median of 10% and IQR/2 = 3.8%; Figure 5a). Similarly, clay minerals
contribute modestly to the flocculated silt (median of 17% and IQR/2 = 4.0%). The Wax Lake Delta data indicate
that flocculated silt is a majority of the suspended sediment (median of 67% and IQR/2 = 12%). Adding the global
river data compilation (Nghiem et al., 2022), flocculated silt is the major portion of suspended sediment in
lowland rivers (median 62% and IQR/2 = 18%; Figure 5b).

4. Discussion
4.1. Resolving the Paradox of Silt Flocculation

Our results support three conclusions: (a) most river suspended sediment is silt (Figure 1), (b) most suspended silt
is flocculated (Figures 2b and 2c), and (c) most suspended silt, total and flocculated, is composed of non-clay
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s 2\, 100 @6 most river suspended sediment (Figure 5b). This finding aligns with obser-
8 8) &Q\)\' Q}% vations that soil (Allen & Hajek, 1989; Journet et al., 2014; Lynn et al., 2002)
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wn S 50+ o\ooéfﬁ silt dominated by non-clay minerals. The prevalence of flocculated silt
8 8 QQ\"@ reaffirms the paradox: If clay minerals and salinity cause flocculation and silt
E c:U 251 9§ & is deficient in clay minerals, why does river silt flocculate? We propose that
8 8 ’\70/0 %@Og@ a alternative flocculation mechanisms occur in rivers. Studies have recognized
§ s 0+ . . ° . . : that silt flocculates because of physical trapping in initially clay mineral-rich
= flocs (Shchepetkina et al., 2017; Te Slaa et al., 2013; Tran & Strom, 2017; Xu
median > b et al., 2022) and binding by sticky organic matter (Chase, 1979; Lee

> 204q= 62% et al., 2019; Zeichner et al., 2021).
% 154 IQR/2 We observed that clay minerals are predominately silt-sized in river sus-
o =18% pended sediment (Figure 4b), conflicting with the idea that crystal defects
g 10 limit clay minerals to finer than a few micrometers (Meunier, 2006;
o ' Velde, 1995). To reconcile these points, we interpret silt-sized clay minerals
_g as stable silt-sized aggregates of individual clay mineral crystals plus possibly
g 0-51 actual silt grains (Dunne et al., 2024; Tan et al., 2017). These aggregates are
consistent with microscope images of silt-sized clay mineral aggregates
0.04 T T T T T (Bohor & Hughes, 1971; Mariotti et al., 2025; Woodward & Walling, 2007).
0 25 50 75 100

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 concentration-depth profile.

flocculated silt percentage (%)

These aggregates might be strong soil-derived aggregates eroded into rivers
(Cantén et al., 2009; Grangeon et al., 2014; Slattery & Burt, 1997) and likely
behave in suspension as primary grains rather than fragile flocs. The exper-
iments of Tan et al. (2017) show that, even without organic matter, clay
minerals can naturally form stable aggregates with diameters of ~10-20 pm,

(b) Histogram of flocculated silt fraction for the combined Wax Lake Delta consistent with the range of the clay mineral grain size distribution
and global river data compilation (Section 2.1). The lines indicate the (Figure 4b).
median and median plus and minus IQR/2. All percentages are out of the

total depth-averaged suspended sediment concentration.

Although older studies found greater abundances of clay-sized suspended
sediment (e.g., Jordan, 1965; Meade et al., 1979) compared to our laser
diffraction suspended sediment data compilation (Section 2.1; Figure 1), their results are likely biased by using
settling velocity to compute the spherical grain diameter from Stokes law. Owing to their platy shape, clay
minerals settle slower than spheres of the same volume (Lerman et al., 1974), leading to an apparently finer grain
size. Correcting for shape effects reconciles discrepancies between settling and laser diffraction techniques be-
tween studies (Beuselinck et al., 1998; Konert & Vandenberghe, 1997; Text S5 in Supporting Information S1).
We consider laser diffraction a better grain size standard because it measures the grain volume whereas settling is
indirect and complicated by hydrodynamic effects (Poppe et al., 2014).

4.2. Broader Implications

Organic-driven flocculation suggests an underappreciated mud-carbon feedback: Mud transport not only governs
organic matter flux (Bianchi et al., 2024), but also is affected by organic matter (Zeichner et al., 2021). All else
equal, rivers containing more organic matter and clay minerals might sequester more mud and carbon by floc-
culating more mud and increasing floc settling velocity. High organic matter coating can shield grains from
aggregating (i.e., steric stabilization; Gregory & Barany, 2011; Hogg, 1984), but such high coverage is rare in
natural flocs (Bock & Mayer, 2000; Mayer, 1999). The coupling between flocs and organics might also augment
the building of fertile floodplains and coastal land offsetting sea level rise. However, the degree to which river
flocs maintain their organic matter once they reach the ocean remains unclear (Eisma et al., 1991; Puls &
Kiihl, 1986).

Lowland alluvial rivers share features, suggesting our results might apply broadly. Rivers drain continents of
largely felsic crust, which produces sediment rich in feldspar that can weather into clay minerals. Rivers sort
sediment downstream by abrasion and selective deposition (Frings, 2008), which might be linked to flocs because
abrasion generates mud and flocs aid mud deposition. These commonalities might cause an emergent behavior in
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which suspended sediment finer than 2 pm is at least half clay minerals (Figure 4c). Rivers transport a pre-
ponderance of flocculated silt (Figure 5b), representing a new paradigm for the baseline state of sediment carried
by rivers. Growing evidence suggests that the transport of these ubiquitous river flocs can be predicted using
theory that considers sediment exchange between the bed and flow (i.e., flocculated bed-material load; Lamb
et al., 2020; Nghiem et al., 2025).

5. Conclusion

We used river suspended sediment grain size and mineralogy data to reconcile observations of ubiquitous silt
flocculation in rivers and the idea that only clay minerals are prone to flocculation. We showed that clay minerals
compose most of the clay size class, consistent with the standard Wentworth grain size scheme. However, clay
minerals are a very minor part of the flocculated sediment because clay-sized sediment is sparse in suspended
sediment (2.4%). Thus, alternative mechanisms like organic matter binding and physical trapping of silt in flocs
are mainly responsible for flocculation in rivers. The importance of organics highlights the coupled river transport
dynamics of mud and organic matter that determine their settling and burial. The dominance of flocculated silt in
the suspended sediment load (62%) represents a new river sediment transport archetype.
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