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Abstract

Fine particles (0.1-100 microns) are ubiquitous within the water column. Observations

on the interactions between suspended fine particles and sediment beds remain limited,
reducing our ability to understand the interactions and feedbacks between fine particles,
morphodynamics and hyporheic flow. We performed laboratory experiments to explore
changes in bedform morphodynamics and hyporheic flow following the progressive ad-
dition of kaolinite clay to the water column above a mobile sand bed. We characterized
these interactions by taking high-frequency time series measurements of bed topogra-

phy and freestream clay concentration combined with solute injections and bed sediment
cores to characterize subsurface properties. Deposition of initially suspended clay resulted
in a decrease of bedform height, celerity and sediment flux by 14%, 22% and 29% when
1000g was accumulated within the bed (equal to clay/sand mass ratio of 0.4% in the bed).
The hyporheic exchange flux decreased by almost a factor of 2 for all clay additions, re-
gardless of the amount of clay eventually deposited in the bed. Post experiment sedi-
ment cores showed clay accumulation within and below the mobile layer of the bedforms,
with the peak concentration occurring at the most frequent bedform scour depth. These
results-demonstrate the tight coupling between bed sediment morphodynamics, fine par-
ticle (clay) deposition, and hyporheic exchange. Suspended and bed load transport rates
are diminished by the transfer of suspended load to the sediment via hyporheic exchange.

This coupling should be considered when estimating sediment transport rates.

1 Introduction

In rivers, fine particles with a diameter of <100 microns consist of particulate or-
ganic carbon, minerals such as clay, algal and bacterial cells, and other contaminants (Drum-
mond, Aubeneau, & Packman, 2014; Drummond, Larsen, Gonzalez-Pinzon, Packman,
& Harvey, 2018). Natural sources of these fine particles include induced overland flow
and erosion, remobilization of fine particles stored in the stream bed, bank erosion, land-
slides and other mass failures (Belmont et al., 2011; Mueller & Pitlick, 2013; Owens et
al.; 2005; Rose, Karwan, & Godsey, 2018; Sekely, Mulla, & Bauer, 2002). Anthropogenic
activity, such as mining, agriculture, logging, and urbanization can increase fines within
rivers (Karwan, Aalto, Aufdenkampe, Denis Newbold, & Pizzuto, 2011; Nelson & Booth,
2002; Vaughan, Belmont, Hawkins, & Wilcock, 2017; Wolman, 1967; Wood & Armitage,

1997). Fine particles represent a significant water quality concern (Bilotta & Brazier,
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2008) with harmful effects including increased turbidity in pristine waters (Lloyd, Koen-
ings, & Laperriere, 1987), decreasing stream productivity (Ryan, 1991), damage to ben-
thic ecological systems (Owens et al., 2005), and hypoxia in coastal systems due to ex-
cess nutrients (Ansari, 2005; Paerl & Otten, 2013). In addition, the fate of contaminants
are linked to the dynamics of fine particles (Foster & Charlesworth, 1996; Horowitz, 2009;

Zhang et al., 2010).

The flow of water into and out of the stream bed (hyporheic exchange), fine par-
ticle transport and deposition are tightly coupled in river systems (Boano et al., 2014;
Harvey et al., 2012; Karwan & Saiers, 2012; Packman & Mackay, 2003). In the presence
of fine particles, hyporheic exchange leads to deposition and filtration of fine particles
due to advective pumping and turbulent exchange with the stream bed (Boano et al.,
2014; Packman, Brooks, & Morgan, 2000b, 2000a). The accumulation of fines in the bed
via filtration, in turn, leads to decreasing hyporheic exchange (Fox, Packman, Boano,
Phillips, & Arnon, 2018; Packman & Mackay, 2003). These fines may be stored there
for long periods of time spanning multiple flood events (Drummond et al., 2014; Har-
vey et al., 2012). Through their role in setting the storage and release times of fine par-
ticles, hyporheic exchange and bed sediment transport are important for understanding
the long-term fate of contaminants and waterborne pathogens (Boano et al., 2014; Drum-
mond et al., 2014). Excessive deposition of fines results in the siltation (colmation) of
stream beds reducing the transfer of various solutes and particles such as organic car-
bon and regulating heat transfer (Hartwig & Borchardt, 2015). Siltation is expected to
impact the microbial biomass residing within the upper sediment bed (Merill & Tonjes,
2014), and harm the spawning potential of diadromous fish (Chapman, 1988; Greig, Sear,
& Carling, 2005; Louhi, Ovaska, Maki Petays, Erkinaro, & Muotka, 2011). Reduction
in hyporheic exchange negatively impacts these communities, leading to increased in-stream

nutrient content (Feris et al., 2003, 2004; Li, Aubeneau, Bolster, Tank, & Packman, 2017).

Clay and fine particles are prevalent across many fluvial and marine systems from
coarse grained mountain streams to estuarine and shallow marine systems. Coupled fine
particle and bed morphodynamic interactions are expected to occur in sand bedded rivers,
estuaries, near coastal environments, and shallow marine settings. The presence of sta-
tionary sand bedforms, such as dunes and ripples, have been shown to greatly increase
hyporheic exchange compared to a featureless bed (Elliot & Brooks, 1997; Fox et al., 2018;
Packman & Mackay, 2003; Thibodeaux & Boyle, 1987). The addition of active bed sed-
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iment transport remains under studied, though mobile bedforms are known to change
hyporheic exchange pathways and reduce the rate of nitrogen removal relative to sta-
tionary ones (??) as mobile bedforms alter the patterns of fine particle deposition and
remobilization (Boano et al., 2014; Packman, Brooks, & Morgan, 2001; Phillips, Dall-
mann, Jerolmack, & Packman, 2019), understanding how exchange is impacted by sed-
iment transport is necessary for modeling the fate of fine particles in natural systems where
mobile bed conditions are common (e.g. floods). For stationary bedforms even relatively
small amounts of fine particles can disrupt hyporheic exchange (Fox et al., 2018; Pack-
man et al., 2000b, 2000a). However, mobile bedforms disrupt the surface clogging lay-
ers that develops in stationary beds, leading to no impact on hyporheic exchange with
small fine particle additions and lower flow rates (Rehg, Packman, & Ren, 2005). It re-
mains unclear though how this process will be impacted under higher concentrations of

fine particles, or for sustained background concentrations of fines.

High concentrations of suspended fine particles have been observed to impact bed
morphodynamics due to modulation of the stream turbulence. Both river field measure-
ments (Smith & McLean, 1977) and laboratory experiments (Wan, 1984) show that the
height to wavelength ratio for sandy bedforms tend to become smaller in the presence
of large concentrations of suspended clay. Experiments on mixed clay and sand beds and
premixed clay and sand slurries reveal complex feedback mechanisms between clay con-
centration; bedform morphodynamics, and flow structure (Baas & Best, 2002, 2008; Best,
2005). In particular, the turbulent characteristics of the flow are impacted by higher clay
concentrations (conc. > 4 g/L), leading to morphodynamic changes (Baas & Best, 2008).
This increased turbulence leads to an increase in both bedform height and wavelength
for increasing freestream clay concentration (Baas, Best, & Peakall, 2011). However, in
the more cohesive beds (clay percentage > 13%), winnowing of clay particles produced
a segregated bed composed of a mobile sand layer above a mixed clay/sand bed (Baas,

Davies, & Malarkey, 2013).

Though the impact of clay on bed morphodynamics under premixed conditions have
been well studied, it remains unclear how deposition and accumulation of suspended fine
particles may impact sand bed morphodynamics. This mode of interaction is especially
relevant in rivers and estuaries, where the introduction of clay and other fine particles
is episodic in nature, often co-varying with higher flows due to runoff generated during

storms. Further, the ecological implications of the human-induced increases in fine par-

©202Q American Geophysical Union. All rights reserved.



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

ticles to rivers can only be inferred without an understanding of how fine particles (clay)
introduced to rivers from their catchment may impact bed morphodynamics and hyporheic
exchange. This study uses four experiments to explore the role of clay concentration within
the water column on mobile bedforms, clay accumulation within the bed, and hyporheic

exchange.

2 Methods
2.1 Experimental Methods

We performed four experimental runs for a constant freestream velocity consist-

ing of episodic injections of kaolinite clay leading to water suspensions of varying con-
centrations. The experiments differed only in the total amount of clay added to the flume
and the sequence (i.e. number) of clay injections. The experiments were conducted us-
ing an 8.5 m long by 0.2 m wide tilting recirculating flume, equipped with a pump (Bal-
dor Industrial Motors) that recirculated both water and sediment from the endwell (Fig-
ure la). Each experiment initially consisted of an initially flat clay free mobile sand bed
approximately 10 cm thick - 250 kg of Flint Silica 12 (US Silica, Ottawa, IL) with a Dsg
of 0.420 mm given by the manufacturer - under a constant flow. Mean freestream height
(15 ecm), mean velocity (0.43 m/s) and shear velocity (u* = 0.026 m/s) were the same
for all experiments. The u* was determined by fitting a log law velocity profile to a time-

averaged downstream velocity profile sampled using a Nortek Vectrino Profiler.

The bed was allowed to run for at least a day until mobile bedforms developed and
the size distribution reached statistical stationarity. After this developmental period, each
experiment consisted of a 4 day clay free period of sand bed load transport (baseline)
followed by one or more clay injections. Baselines were long enough to ensure that enough
bedforms:were recorded to accurately determine the clay-free average morphodynamic
conditions for each run. Relative standard error in measurements of mean bedform height
dropped below 5% and 0.4% when 75 and 120 bedforms were measured. We performed
four experiments, referred to hereafter as Runs 1-4 (see Table 1 for details). Run 1 con-
sisted of a single clay injection of 1000 g followed by 261.5 hours of bed elevation mea-
surements. Run 2 consisted of an injection of 333 g every four days totaling 277 hours
of observations and three injections. Run 3 represented an initial 700 g injection followed

by a 300 g clay addition approximately every 1.4 days for the first 300 hours. After 300
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hours the observation time between clay injections was increased. Run 4 consisted of a
single initial injection of 5500 g followed by 256 hours of observation. The injected clay
was kaolinite (Snobrite 75, the Cary Company), with a median listed particle diameter
of 0.5 pm. For Runs 1-3, the clay was mixed with water matching the flume background
salinity (350 uS/cm) in beakers with automatic stirrers for 12 hours prior to the injec-
tion. At the background salinity levels, the clay flocculates and the mean Dsq diame-
ter rises to just above 30 ym. Due to the large amount of clay added, Run 4 was rapidly
mixed over a short period (30 minutes), leading to noticeable amounts of unsuspended
clay during the injection. For each injection, the clay was continuously poured into the
endwell over the measured recirculation time of the flume (40 s). Following each injec-
tion, the system was allowed to evolve and changes in the clay concentration, hyporheic

exchange and bedform morphodynamics were observed.

Suspended clay concentration was continuously measured at a one-minute inter-
vals with a Xylem turbidity meter (Runs 1 & 2 - WTW Visoturb 700IQ SW, Runs 3 &
4 - WTW Visolid 700IQ SW) positioned just upstream of the flume endwell (Figure 1a).
Concentration measurements for the first 6.75 hrs of Run 1 were taken by hand every
hour using a syringe and processed via a spectrophotometer (Hach Company, DR/4000),
because initial instream clay concentrations exceeded the measurement range of the Vi-
soturb 700IQ SW. A calibration curve relating known concentrations of kaolinite to the

absorbance of 600 nm light was used to determine the concentration of the samples.

The hyporheic exchange flux (HEF) was measured through salt tracer injections
during the baseline and following the end of the experiment. To measure HEF freestream
salinity was recorded following dissolved NaCl tracer injections, typically 10 hours long,
using a salinity meter (SM Star Comm, resolution of 0.01 uS/cm). The initial HEF was
calculated via regression of the rate of decline in salt concentration with time immedi-
ately following the NaCl tracer injection, following the methodology of Fox, Boano, and
Arnon (2014). No measurement of HEF was performed for the end of Run 4 due to a

leak in the flume, which significantly increased the rate of flow into the bed.

Elevation of the sand bed was recorded at a point with an Acoustic Doppler Ve-
locimeter (ADV) profiler and over a large spatial area with two digital single-lens reflex
(DSLR) Nikon D5300 cameras. The ADV was positioned in the center of the camera vi-

sualization region located 355 cm from the downstream end of the flume (see Figure la).

©202Q American Geophysical Union. All rights reserved.
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The ADV profiler recorded depth to the sediment bed (2 Hz) from a fixed elevation. Im-
ages were taken every minute to visualize bedform propagation and determine bedform
length and celerity (see Data Processing, Figure 1b). The cameras were affixed to mount-
ing arms attached to a table adjacent to the flume. They were faced perpendicular to

the bed, providing a combined field of view of 180 cm, centered on the profiler and ap-
proximately 2.25 times the length of an average bedform. The visualization region was

backlit to provide sufficient contrast for automated feature extraction.

At the conclusion of Runs 1-3, 36 cores were taken of the bed following the pro-

tocol of Fox et al. (2014) and analyzed for bed clay composition to yield depth averaged

clay masses for each 0.5 cm depth interval. In order to extract a core, the flow was stopped,

free stream clay was allowed to settle, and the water level was slowly decreased until touch-
ing the top of the bed. A syringe was used to remove the settled clay from the surface

of the bed by suctioning out the water immediately above the bed in the core measure-
ment region. For two bedforms three cores were taken equally spaced in the cross stream
direction at six locations: at the downstream trough, at the crest, and at four equally
spaced between the trough and crest. In total 18 cores were taken for each bedform sam-
pled. Each core consisted of a 35 mL syringe, 11 cm long by 2.13 cm wide with the ta-
pered end removed. Each core was carefully inserted into the bed, sealed from the bot-
tom, and removed from the flume. Sediment from the cores were extracted in 0.5 cm in-
crements and mixed with 50 mL of deionized water to create a clay suspension. The mix-
ture was weighed and the concentration was determined via absorbance at 600 nm us-
ing a spectrometer (Hach Company, DR/4000). These concentrations were subsequently

converted into a clay percentage by mass for each depth slice within the core.

2.2 Data Processing

The time series of the bed elevation recorded by the ADV profiler was smoothed
using a Savitzky-Golay filter (Python 2.7 SciPy, window size of 509 data points, 255 sec-
onds) and processed to remove extraneous noise on the elevation signal. A "find peaks”
algorithm (Python 2.7 SciPy) was used to identify both the troughs and the peaks of the
bed elevation. The height of individual bedforms (H) was defined as the vertical distance
between the bedform peak and downstream (stoss side) trough (Figure 1c). Small tran-
sient ripples, persisting for no more than several minutes with H < 0.5 cm were removed

from the time series prior to calculating the final bedform statistics. For each run, Ta-
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ble 2 shows the number of bedforms identified during both the baseline period and the

last four days of data collection.

Bedform length (L) and celerity (C') were obtained by image analysis of the side-
wall camera images. Raw images from each camera were thresholded using a simple black/
white thresholding procedure (MATLAB R2019a) that involved using a manually iden-
tified black/white pixel cutoff to determine the sediment water interface. The images from
both cameras then were stitched together to extract an elevation profile for the full 180
cm field of view, allowing for the simultaneous visualization of multiple bedforms. In-
creased freestream clay concentration decreased the light exposure requiring manual cal-
ibration of the thresholding algorithm following each clay addition. Stitched images were
generated and the black/white pixel cutoff was shifted until the sediment water inter-
face was correctly identified. During data processing, sample images were saved every
100 minutes to ensure that the interface was correctly identified and that clay deposi-
tion didn’t alter the camera light exposure. The resultant sidewall bed elevation profile
was processed to extract bedform height using the same methods developed for the ADV
profiler. bedform lengths were calculated as the distance between successive troughs, while
celerity was calculated as the slope of a linear regression line fit to a trough’s downstream
location over time. The bedload sediment flux (Q;) was determined as Q; (t) = SycH
(Bagnold, 1941; Martin & Jerolmack, 2013; McElroy & Mohrig, 2009; Simons, 1965) where
the bedforms were approximated as triangles with a shape factor 8 = 0.5 (Martin &
Jerolmack, 2013). The relative proportion of clay within the bed sediment remained low
in all experiments, so the porosity was assumed to remain constant for the sand mass
flux calculations () = 0.48). Average quantities for the baseline and final set of bed-

forms are provided in Table 2.

Statistical tests were applied separately to the bedform time series data and be-
tween the beginning and end of each run to assess potential differences between the pre
and post clay bedform data. First, the degree to which the morphodynamic properties
H, L, C, and @, changed over time was determined via linear regression. Significance
of trends in the baseline and post clay injection time series were assessed by consider-
ing the regression p-value where a value greater than o = 0.05 was taken to indicate
that the trend was not significantly different from zero over time (see Table 3). Second,
a Mann-Whitney U test was used to compare whether H, L, C, and @; from the final

period (final 96 hours) of data collection post clay injection were less than the same met-

©202Q American Geophysical Union. All rights reserved.



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

rics collected during the clay free baseline period (initial 96 hours, Table 3). Differences
were considered significant for an o < 0.05. Cumulative distribution functions (CDF's)
and kernal density estimation (KDE) were used to visualize distributions and potential
changes. The CDF's were used to assess how the addition of clay impacted the entire pop-
ulation of measured and derived bedform quantities. KDE was used to create probabil-
ity density functions (PDFs) of the trough and bed elevation to assess how these quan-
tities impacted clay accumulation. Gaussian kernels were used with Scott’s Rule employed

to calculate the estimator bandwidth.

3 Results

The results of the four experiments consist of time series of bed elevation, freestream
concentration of clay, and the conductivity of the water column following salt tracer in-
jections. From these data sources we derive bedform morphodynamic variables, clay ac-
cumulation within the bed, and the hyporheic exchange flux. The four experimental runs
were designed to explore the impact of clay accumulation on a population of mobile bed-
forms and in turn how these combined effects impacted hyporheic exchange. A secondary
aim of these experiments was to determine if the current state of bed morphodynamics
depended on the history of clay additions (sequence) or only on the current free stream
concentration at any given time. We first discuss the results of the clay deposition rates
and within bed patterns of accumulation, and how this impacted hyporheic exchange.

Second, we discuss the impact of clay deposition on bedform morphodynamics.

3.1 Hyporheic Exchange and Clay Deposition

The four experimental runs are best conceptualized as two sets of paired experi-
ments based on their total added clay mass (Figure 2a). Runs 1 and 2 consisted of 1000
g of clay, while Runs 3 and 4 consisted of 5500 g of clay. Runs 1 and 4 were single in-
jections, while the 1000 g in Run 2 and 3 consisted of multiple injections. Final mean
freestream concentrations over the last five hours of measurement are 66.0%, 76.5%, 88.4%,
and 81.5% of the initial concentration for Runs 1-4, respectively (Figure 2a). The multi-
injection runs (2 & 3) final freestream concentration exceeds that of their paired single
injection run, indicating less deposition overall for the multi-injection runs (Figure 2ab).
The absence of storage or loss within the recirculating flume means that persistent de-

creases in freestream clay concentration can be taken as deposition within the bed (Fig-
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ure 2b). Comparisons between experiments with the same amount of total mass injected
show that runs with multiple injections produce less deposition over time by a factor of
1.3 to 1.55 relative to runs with a single injection. For Runs 1-3, the rate of deposition
is initially rapid (111.0 g/hr, 33.8 g/hr and 104.2 g/hr over the first two hours) and is
roughly proportional to the injection size. Though the rate of clay accumulation within
the bed decreases over time, we did not observe the emergence of a steady state concen-
tration within any of the runs indicating that deposition was ongoing (Figure 2b). Run
4 shows unexpected clay depositional behavior compared to other experiments result-
ing in an initial increase in deposition on the surface of the bedforms followed decline
and eventual stabilization (Figure 2b). The variations in Run 4 may be due to incom-
plete mixing of the clay prior to the injection as described in the Experimental Meth-
ods section. For all Runs short timescale (1-2 hr) periodicity within the freestream clay
concentration timeseries (Figure 2a) is a mixture of short-term bedform deposition and
remobilization, and sensitivity of the turbidity meter to the changing distance to the bed
surface due to the passage of bedforms. Tests in clear water conditions indicate a 15%

increase in turbidity over bedform crests compared to troughs.

The impact of clay deposition on the HEF was assessed through the injection of

a conservative salt tracer (Figure 3). HEF was computed as the rate of change in freestream

tracer concentration immediately after the injection (see Figure 3b inset). Initial tracer
injections under baseline (i.e. clay free) conditions show similar early time exchange rates
of between 12.1 and 13.5 cm/day (Figure 3 b). Following all clay injections, the HEF
declined to between 4.6 and 5.7 cm/day, a decline of between 38% and 42% for all ex-
periments. The long-term salt concentration in the freestream decreases slightly with clay
in the bed (Figure 3a), the overall difference in values of normalized conductivity between
experiments remains small (less than 1% after 10 hours). Overall, the measured HEF

at the conclusion of the experiment is approximately constant regardless of the amount

of clay accumulated within the bed (Figure 3b).

Despite a very low Stokes settling velocity (Us = 8.10 % 10~% m/s) and sufficient
shear velocity to keep the clay suspended (Rouse number of 0.08), accumulation within
the bed begins almost immediately following injection and accumulates visually in a layer
approximately 2 cm below the active region of sand transport (Figure 4). The thick-
ness of the clay accumulation layer is not constant throughout the flume or in a given

location over time and depends on the history of bed elevation changes at a specific lo-
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cation. Deposition from burial within the troughs and hyporheic flow are functions of
local bedform size, while scour from bedforms results in remobilization of previously de-
posited clay. Because of this, individual sediment cores show variations in overall clay
concentration and the variation in concentration depth profile (Figure 4). However when
depth profiles are averaged across all cores a clear pattern of accumulation emerges (Fig-
ure 5). In aggregate, the concentration of clay increases over the first 3-4 cm within the
bed before reaching a peak value that is between 4.2 and 11.6 times the concentration
at the top of the mobile layer. The zone of peak concentration persists for between 2-

4 cm for all runs, corresponding to the clay layer visible from the flume sidewall (see in-
sets within Figure 1b and 4). The concentration profile then declines rapidly, with very
little clay found in the lowest 5 cm of the bed. For Runs 1 and 2, with the same total
amount of clay injected, the single injection from Run 1 yielded more clay mass at the
most likely scour depth. Runs 1 and 2 show relatively little clay (< 0.2%) accumula-
tion above 0.1 m, while the concentration in Run 3 begins to increase almost immedi-
ately with depth. The highest mean clay concentration (0.95% by mass) was observed
for Run 3 (Figure 5f) which had a total of 609 g of clay accumulated in the bed by the
end of the experiment. Cores were not taken for Run 4 due to a leak in the flume dur-

ing the run.

As clay deposition and bed scour are both continuous processes, the extent of the
accumulation will depend on the time history of bed elevation change (i.e. the mobile
layer). The mobile layer can be defined by the probability density function of bed ele-
vation (Figure 4 and 5a-c). The peak in clay concentration coincides with the depth of
the most frequent scour rather than the deepest (Figure 5a-f), which indicates that ac-
cumulation for these profiles is representative of frequent rather than the rarest events.
However, the area of the bed that is always net depositional occurs below the mobile layer
(Figure 5). The addition of clay appears to alter the distributions of bed elevation and
trough of the mobile layer causing the bed elevation to drop (Figure 5a-c). For all ex-
periments, changes in the PDF of bed elevation are slight, however there is an increase
in the frequency of bed elevation just below the most common elevation ( 0.1 m) of the
clay free bed (Figure 5a-c). Larger changes are observed in the PDF of trough elevations,
which may be more relevant to clay accumulation due to its relationship with deposi-
tion and remobilization. For all runs, there is a slight increase in trough frequency at the

most frequent bed elevation with clay. The most drastic change occurs for Runs 1 and
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2, where a reduction in the most frequent scour depths (elevation of 0.085 m) was ob-
served (Figure 5a-b). For Run 3, which had 5.5 times more injected clay than Runs 1
and 2, there was a slight reduction in the deepest scour depth though the frequency of
the most common scour depth did not change (Figure 5c). A similar response was ob-

served for Run 4 (Figure S4).

3.2 Bedform Morphodynamics

Measurements of bedform morphology were extracted from the ADV profiler (H)
and the time lapse images of the flume sidewall (L and C). There are three types of re-
sults for the bedform morphology: (1) changes in morphology over time for the baseline
and the post clay time series for a given run, (2) statistical distributions of bed morphol-
ogy for the baseline (96 hrs) and the final 96 hours of each experiment, and (3) average
bedform: statistics for all runs combined. Throughout the experiments short gaps are present
in the profiler records due to a need to power cycle the profiler every four days. Addi-
tional gaps in the records occur due to data acquisition computer failures. All gaps in
the record represent 105/1783 total hours ( 6%), and no more than 39.5 hours for any

of the individual runs.

Bedforms were populations of low-amplitude dunes with average H, L, and C rang-
ing from 2.28-2.36 c¢m, 77.67-91.76 cm, and 1.28-1.52 ¢cm/min for the baseline segments
(see Table 2). For all runs the baseline bedform H, L, C, and Q) display a high degree
of variability and some periodicity, however (except for C' in Run 3) they have no trend
with time (see statistical results in Table 3). Following the addition of clay to the flume,
average quantities of H, C, and @), all decrease over time, while L remains relatively con-
stant (see Figure 6 for results from Run 1 and supplemental Figures S1-S3 for Runs 2-
4). By comparing the morphodynamic results after the addition of clay for a given run
against their baseline statistics we can account for variation in initial conditions. Clay
has a larger impact on C relative to H or L, as C' shows the largest proportional decrease
(15.9%) for the directly measured variables over time following the introduction of clay
(Figure 6¢). The largest change occurs for @, a combination of both H and C, which
has an average 22.8% decrease relative to the baseline flux following the introduction of
clay for-all runs (Figure 6d and panel d in Figures S1-S3). The observed decreases, rel-
ative to each baseline, in mean H, C' and @, are statistically significant at an alpha level

of 0.05 across all experiments while differences in mean L are not (results of a Mann-
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Whitney U tests are shown in Table 3). The smallest changes (largest p-values) in H,

C, and Q¢ are observed during Run 2, which had the lowest amount of clay accumula-
tion within the bed (239 g) and also experienced the lowest instream concentrations for
the majority of the run (three injections at 333 g per injection). The largest changes oc-
curred in Run 4, which had the largest total mass addition (one injection at 5500 g) and
the most clay accumulation in the bed (990 g). Due to the variability within the pop-
ulations of bedforms it can also be useful to consider the entire probability distribution,
because the differences in the mean values may not describe the entire behavior of the
population of bedforms. The observed decrease (8.9-18.8%) in H occurs primarily through
a reduction in the height of bedforms near the median size with minimal change in the
height of the smallest or largest bedforms (see Figure 6e for Run 1). However, the ob-
served decrease in C and (); are the result of a shift in the entire population of bedforms
(Figure 6g-h). An interesting aspect of the observed changes is that the height and celer-
ity change independently of the length, indicating that the bedform’s aspect ratio de-

creases as a result of clay accumulation.

To compare the impact of clay deposition on bedform morphodynamics across runs,
we normalize H, L, C, and @; by their respective mean value for the pre-clay injection
baseline. Normalized bedform height and celerity show consistent declines with total clay
accumulation in the bed (Figure S5,56). The trends are linear, with slopes of -0.00014
(p < 0.001, R? = 0.01) and -0.00022 (p < 0.001, R? = 0.094), respectively. These
slopes indicate that declines in H and C of 0.014% and 0.022% are expected per gram
of clay accumulated in the bed. Normalized bedform length shows no change with in-
creasing clay accumulation in the bed (p = 0.67) (Figure S7). As sediment flux is de-
pendent on height and celerity, changes in H and C contribute to a sustained decrease
in sediment flux (Figure 7), which decreases with increasing clay accumulation with a
trend of -0.00029 (p < 0.001, R? = 0.056), which results in a 0.029% decline expected
per gram of clay. Figure 7 b shows 1-cdf for all four runs for the baseline and the last
100 hours of data. The addition of clay reduced the flux for all scales of bedforms at rel-
atively low percentages of clay accumulation by mass in the bed. Reductions in H, C,
and @; occur for percentages of clay accumulation by mass in the bed of 0.13, 0.10, 0.24,
and 0.40% for Runs 1-4, respectively. These results show that relatively small amounts

of cohesive particles impact bedform morphodynamics in nontrivial and quantifiable ways.
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4 Discussion

For clay injected into the free stream there are several modes of interaction with
the mobile bed layer. Clay particles can deposit directly within the troughs and in zones
of hyporheic flow into the bed (Mooneyham & Strom, 2018; Rehg et al., 2005). Once de-
posited, clay can settle within the pore spaces and mechanically sort due to bed mobil-
ity (Baas et al., 2013). The distribution within the cores suggests a tight coupling be-
tween clay deposition and bedform dynamics. Accumulation within the mobile layer oc-
curs through direct deposition and hyporheic flow, while deposition below the mobile layer
occurs.due to hyporheic exchange and settling within the pore spaces. Accumulation and
storage within the mobile layer is necessarily transient. However, the majority of depo-
sition occurs here and the association of the peak clay concentrations with the most fre-
quent (the average) scour depth indicates that scour is both a mechanism of deposition
and remobilization. Visually from the sidewall of the flume, the accumulation occurs in
an approximately two-centimeter thick white band (Figure 4 inset), while the accumu-
lation above and below this layer is not as distinct. Inherent system variability demon-
strates that single point measurements, both in the lab and in the field, are not repre-
sentative of the actual system dynamics. The coupled nature of the system only emerges
when averaging over enough cores to reduce the variability associated with the fluctu-
ations of the bed elevation or recent deep scour (see Figure 4). Bedforms deform and change
shape as they propagate (McElroy & Mohrig, 2009) such that a deep scour event in one
location may not propagate the length of the flume or river reach. Despite this variabil-
ity, the shape of the accumulation profiles and their correlation with the average bed-

form scour is consistent across runs.

Differences in the total clay deposited between experiments (Figure 5) depend on
the magnitude and time history of the free stream clay concentration. The magnitude
of clay injection alters the dynamics of bedform scour. The 1000 g injections (Runs 1-
2) reduce the frequency of the average scour depth while in 5500 g injections (Run 3-
4) the bed adjusts through a reduction in the deepest scour depths without any reduc-
tion in frequency of the average scour depth(Figure 5a-c). Interestingly, the three-injections
of Run 2 accumulated more clay at the depth of average scour than Run 1, while deposit-
ing less clay overall. Multiple injections allow hyporheic flow to push clay further into
the bed prior to clogging (Note concentration below 0.05 in Figure 5e), while large sin-

gle injections impact HEF more rapidly and restrict clay penetration (Figure 5d). The
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overall difference between single vs multiple injections cannot be fully explored as we were
unable to take cores for Run 4 due to a leak in the flume. It is important to note that

all morphodynamic data presented in this paper for Run 4 were collected before the leak
started. Run 4 may have behaved differently due the observed rapid deposition of clay
effectively coating the surface flume effectively after the injection. This differing initial
condition does not seem to impact the final morphodynamic results (Figure 7) as the clay
deposited on the surface was eventually resuspended. The observed decreases in H, C,
and @ are proportional to the amount of clay accumulated within the bed (Figure 6,

7), S1-6. That freestream clay affects morphodynamics indicates a pathway for hyporheic
flow to alter morphodynamics. Clay accumulation depends on both hyporheic flow and
morphodynamics; bed sediment flux is also a function of clay accumulation and thus is
modulated by hyporheic exchange in the presence of fine particles. Clay accumulation
lead to a reduction in H and C, but not L in our experiments. These adjustments are
counter to commonly observed adjustments where reductions in height are typically ac-
companied by decreases in length and an increase in celerity (Bradley & Venditti, 2017;
Martin & Jerolmack, 2013). The lack of a noticeable change in length is peculiar, how-
ever similar results have been observed for sand beds that have been premixed with co-

hesive material (both biotic and clay) (Baas et al., 2013; Malarkey et al., 2015).

The morphodynamic change within these experiments likely results from the over-
all increase in bed cohesiveness caused by the presence of clay. In clay rich cohesive beds
(clay % > 30), bonds between clay particles and water molecules act as bridges between
sand grains and increase cohesive strength when exposed to shear (Ikari & Kopf, 2011).
This increases the shear velocity required for transporting sediment. Even small frac-
tions of clay can meaningfully increase the cohesion of the bed at low percentages (Licht-
man et al., 2015; Mitchener & Torfs, 1996; Panagiotopoulos, Voulgaris, & Collins, 1997).
However, a precise threshold for when clay content becomes significant has not been iden-
tified, as these dynamics depend on diverse system properties such as grain size (Pana-
giotopoulos et al., 1997) and biological colonization of the sediments (Malarkey et al.,
2015). In our experiments, the creation of a less-mobile, highly-cohesive clay layer just
beneath the mobile bedforms limits scour depth and decreases hyporheic exchange, which
reduces bedform heights and leads to the persistent presence of clay in the mobile layer.
This effect has also been observed in pre-mixed clay/sand beds allowed to develop un-

der.a clay-free overlying flow (Baas et al., 2013). At clay contents less than 13% clay by
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dry weight, Baas et al. (2013) found no change in length and a decrease in height and

sediment flux for the mixed-material bedforms, consistent with our current findings.

We confirmed that decreases in bedform height, celerity and sediment flux are caused
by increased bed cohesion, rather than changes in fluid properties of the suspension. In-
creasing the kaolinite concentration of a suspension increases the viscosity (Wan, 1985).

At large concentrations, this leads to hyperconcentrated non-Newtonian flow that flat-

tens the bed and decreases bedform height (Baas et al., 2011; Wan, 1985). However, at
lower concentrations (< 262 g/L), modulation of freestream turbulence by clay parti-

cles increases the bedform height (Baas et al., 2011). The freestream concentration in

our experiments barely exceeds 10 g/L at the largest. Moreover, an increase in viscos-

ity without changing the Newtonian behavior of a fluid causes bedform celerities and heights
to increase (Southard, 1991). We observe that changes in morphodynamic properties are
correlated with clay in the bed, not with clay in the freestream (Figure 7, S5 and S6).
Taken together, this evidence indicates that increased bed cohesion is the dominant pro-
cess that modifies bedform dynamics, and this process counteracts changes in flow tur-

bulence and viscosity that would otherwise increase bedform heights and celerities.

The impact of clay on the cohesion of bedforms appears to be independent of the
method of mixing or interaction as the strong decrease in flux for moderate decreases
in other morphodynamic properties is also observed for initially pre-mixed clay sand mix-
tures (Baas et al., 2013) at higher clay fractions within the bed. The current findings
show a larger impact on morphodynamics for a given clay mass and indicate that longer
experiments are necessary to capture these slower interactions. A linear extrapolation
shows that a height decrease of 14% is expected for 1000g in the bed (0.04% of the to-
tal bed by dry weight) while a similar drop could be expected by Baas et al. (2013) if
the slurry mixture was 5.77% clay by dry weight. This large discrepancy (0.04% vs 5.77%
clay) can be partially accounted for by considering only the clay in the accumulation layer
and mobile layer where concentrations are higher. However, even in the center of the clay
accumulation layer, the clay fraction never exceeds 2%. The short duration of the Baas
et al. (2013) experiments (< 3 hr) compared to the current experiments (> 350 hr) are
likely responsible for the differences, as large numbers of bedforms are needed to char-
acterize observed changes. Further, similar bedform adjustment occurs in both sets of

experiments, indicating that the observed changes in morphodynamics may not depend
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strongly on either the pathway through which clay enters the bed or the system initial

conditions.

Our findings challenge previous conceptions of fine particles as simply washload.
Fully suspended clay particles both deposit in sand beds and alter the bed morphody-
namics. For a constant stream flow rate, the injection of fine particles leads to perma-
nent storage of clay in a layer immediately below the region of mobile sand transport,
resulting in persistent changes in system morphodynamics. The formation and tempo-
ral variation of this layer has implications for the accumulation of fine particles in open-
framework sediment beds, an area of emerging concern for riverine ecosystems (Whar-
ton, Mohajeri, & Righetti, 2017) as the strong depth variation in fine particles has ram-
ifications for biotic communities impacted by siltation. For systems with active sand trans-
port, the depth of the clay layer is related to the scour dynamics of the preceding bed-
forms. In beds with active sand transport, multiple sediment cores at different tempo-
ral and spatial locations need to be taken to ensure that accurate conclusions are drawn

concerning particle deposition profiles.

Unlike in the current flume experiments, natural bedforms are rarely in equilibrium
with the flow (Myrow, Jerolmack, & Perron, 2018). This is especially true during flood
events when discharge is extremely variable. Even if the bedforms are not in perfect equi-
librium, the accumulation of fines in the bedforms is expected to reduce the bedload sed-
iment transport rates. Further, the results presented here demonstrate that clay deposits
are highly focused in a layer beneath bedforms, and that localized clay accumulation in
this region is much more important than overall mass fraction of clay in the bed. Fu-
ture work should investigate the interactions of natural discharge variations with clay

inputs into rivers, patterns of clay accumulation, and bedform morphodynamics.

In conclusion, significant deposition and alteration of bed morphodynamics indi-
cates a previously unrecognized role of initially suspended fine particles and hyporheic
flow on bed morphodynamics. These experiments demonstrate that fine cohesive par-
ticles, even in relatively low concentrations, reduce the bedform sediment flux. Clay ac-
cumulation in the bed occurs both through hyporheic flow and burial within the bed-
form troughs, which collectively decrease the height, celerity, and sediment flux of the
mobile bedforms. Clay accumulation alters the celerity and shape of the bedforms in-

dependently as larger decreases in celerity result in only slight decreases in height, and
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534 no observed changes in length. Typically, decreases in bedform height and length occur

535 together and result in increased celerity (Martin & Jerolmack, 2013). These observations
536 indicate the existence of a complex set of coupled dynamics and feedbacks between hy-

537 porheic exchange, sand bed mobility, and suspended fine particle dynamics. Understand-
538 ing the sediment dynamics in rivers requires models capable of coupling bed morpho-

539 dynamics, hyporheic flow, and fine particle deposition. Such modeling will build a more
540 accurate picture of the ecological and geological impacts of fine particle deposition, which
541 is needed as anthropogenic activity is increasing fine particle concentration in rivers world-
542 wide.
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Runl Run2 Run3 Run4

Baseline Length (hrs) 99.5 98 100 100
Post Baseline Length (hrs) 261.5 277 586 256

Number of Injections 1 3 17 1
Injection Size (g) 1000 333 300¢ 5500
Total Injected Mass (g) 1000 1000 5500 5500

Table 1. Information concerning the experimental setup for all 4 runs. Each run consists of a
baseline without clay after which the first clay injection was conducted. The post baseline period
occurs after this first injection. The number of injections (including the initial injection) and the
size of each injection are shown.

% This run consisted of two closely timed initial injections of 700 and 300 g followed by regular

injections of 300g

©2020 American Geophysical Union. All rights reserved.



Table 2

Run t Cg H L C Q¢ N HEF
Base —1 362 0 0.0227 0.777 0.770 0.00541 146 12.1

Base —2 379 0 0.0235 0.918 0.904 0.00624 175 12.5

Base —3 686 0 0.0234 0.865 0.870 0.00603 169 13.5

Base —4 356 0 0.0223 0.838 1.039 0.00681 156 N/Ab
Clay —1 362 322 0.0205 0.730 0.634 0.00400 146 4.6

Clay —2 379 239 0.0214 0.825 0.835 0.00556 128 4.7

Clay —3 686* 609 0.0209 0.796 0.763 0.00486 132 5.7

Clay —4 356 990 0.0181 0.805 0.769 0.00442 143 N/Ab

Experiment and bedform statistics for all 4 runs. The total length of the entire run

(baseline and post baseline) is given by ¢ and measured in hours. The first 4 rows represent clay-

free baseline data and the last 4 represent data taken after clay injection. Each measurement pe-

riod is 4 days long. For the baseline data, the clay mass in the bed - Cg (g) is 0, while for the

clay runs Cp represents the average clay in the bed over the final 4 day window. H, L, C, and

Q. are averages of bedform height (m), length (m), celerity (m/hr), and sediment flux (m?/hr)

for the initial 96 hours (Base) and final 96 hours (Clay). N is the number of bedforms measured

during each 4 day period as recorded by the ADV profiler. HEF is the hyporheic exchange flux

cm/day.

“Time here is the duration of the entire run. Because of a camera data collection failure near the

end of the run (see Figure S2), results in this table were gathered for the contiguous 4-day period

preceding the failure (479-575 hours)

*Due to a flume leak, it was impossible to obtain final hyporheic exchange data for this run.
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Run Py (Ry)  Pr(R}) P (R Py (RY)

Base —1  0.96 (0.00) 0.75 (0.00) 0.78 (0.00) 0.22

0.40 (0.00

Base — 3 0.90

(

Base — 2 .56 (0.00
( <0.01 (0.15) 0.03
(

) (0.
) 0.16 (0.02)  0.90 (0.00
) (
) (

)
0.00) 0.31 (0.01
)

Base —4  0.70 (0.00) 0.38 (0.00) 0.25 (0.01) 0.51

Clay—1  0.74 (0.00) 0.09 (0.01) < 0.01 (0.08) 0.01 (0.02)
Clay—2  0.72 (0.00) 0.59 (0.00) 0.81 (0.00)  0.72 (0.00)
Clay—3  0.01 (0.01) 0.40 (0.00) 0.02 (0.01) < 0.01 (0.03)
Clay—4  0.14 (0.01) 0.82 (0.00) < 0.01 (0.04) < 0.01 (0.03)
Mean —1 0.016 0.390 < 0.001 < 0.001
Mean —2  0.045 0.131 < 0.001 0.005

Mean —3 0.011 0.436 < 0.001 0.005

Mean —4  0.010 0.330 < 0.001 < 0.001

Table 3. The rows labeled Base and Clay contain the statistical results of linear regressions
(P-values and R? values) for trends over time within the baseline and post-clay injection bedform
morphologies (H, L, C, and Q:). Rows labeled Mean— represent results (P-values) of Mann-
Whitney U tests between the mean of the baseline and final 96 hours of bedforms in the presence

of clay for H, L, C, and Q.
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Figure 1. Schematic diagrams of experimental setup and data processing. (a) Schematic of
the experimental setup (flow is from left to right). The foreground bedform profile and location
of the clay layer represent a partial trace from sidewall images during an experiment. Experimen-
tal measurement devices are located in their approximate locations. A porous endplate maintains
a minimum sand bed elevation while allowing hyporheic flow to pass. The blue rectangle repre-
sents the visualization region of the sidewall camera setup shown in (b). (b) Sidewall imaging set
up bedforms following clay injection during Run 3. The blue rectangle represents the FOV of the
cameras. The ADV profiler is positioned on a cart directly above the center of the camera FOV.
The inset (purple border) shows a close up of a bedform crest and trough and the accumula-

tion of clay below the mobile layer. (c¢) Smoothed bedform elevation data from the ADV profiler
showing the extracted bedform heights (peak to trough) identified for a portion of Run 1. Note

that small bedform ripples (see structure at 44.4 hrs) are not treated as individual bedforms.
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Figure 2. Patterns of clay deposition. (a) Timeseries of freestream clay concentrations for
Runs 1-4. Jumps in freestream concentration reflect clay injections. (b) Accumulation of clay
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Figure 3. Decreasing hyporheic exchange with increasing clay deposition. A hyporheic ex-
change measurement was not made for Run 4 due to a flume leak just before the exchange
measurement that pulled excessive clay into the subsurface. (a) Normalized freestream salt
concentration following the clay-free baseline (lower 3 curves) and end of experiment (upper 3
curves). (b) Hyporheic exchange flux as a function of clay mass deposited in the bed. The in-
set shows how the HEF is calculated as the slope of the normalized concentration following the

injection.
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Figure 4. Visualization of clay accumulation for a single experimental bedform from Run 1.
The bold blue line represents the surface of an experimental bedform at the end of a run traced
from the sidewall (see inset for photograph of the bedform). The bed profile is not to scale as

the downstream distance has been compressed by a factor of approximately nine relative to the
vertical dimension. The PDF of elevation to the right of the profile represents the complete prob-
ability of surface elevation location for the entirety of the run following the clay injections. The
deepest scour is the lowest recorded elevation and is denoted by the blue dashed line. The red
vertical lines and shading represent the average clay concentration of three cores in the cross-
stream direction normalized by the maximum observed concentration for the whole bedform. The
zero-concentration point represents the approximate location of the core on the bed profile. The

inset above the figure shows this bedform from a sidewall view. Flow is from left to right.
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Figure 5. Visualization of bed and trough elevation kernal density estimations (KDE) and
clay accumulation profiles for the sediment cores. Each row corresponds to an experimental run,
with Runs 1, 2 and 3 shown on rows 1, 2 and 3 respectively. (a), (c) and (e) show bed elevation
KDEs (solid lines) and trough elevation KDEs (dashed lines). Blue lines represent baseline mea-
surements and red lines represent the final 96 hours of the experiment. (b), (d) and (f) show clay
percentage as a function of depth for all cores. Grey dots are individual measurements while red
dots represent the median over 1 cm of depth. The light blue shading represents the interquartile
range (25/75 percentiles). The dashed black shows the location of most frequent scour after clay
addition. The most frequent trough elevation is found just below the start of the clay layer. Due
to a leak in the flume during Run 4, significant clay was pulled into the bed post experiment and
disrupted the subsurface clay layer after the morphodynamic data was collected but before cores

could be taken. Figure S4 contains the bed elevation and trough data for Run 4.
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Figure 6. Time series and complimentary cumulative density functions (1-cdf) of height,
length, celerity, and sediment flux for Run 1. Plots (a) and (e) show the timeseries and 1-cdf,
respectively, for bedform height results. Length (b), (f) celerity (c), (g) - and sediment flux (d),
(h) - are shown in successive rows. In the time series plots, the blue and red dots denote baseline
and post-clay injection data, respectively. Solid black lines represent a rolling average of 20 hours
while the light grey visualizes the standard deviation of this measurement. Solid grey rectangular
boxes show missing data. Dashed vertical lines indicate the beginning and end of 96 hour data
analysis windows, which are used in Tables 2 and 3. Additional dashed lines show linear fits to
the data for the baseline window and the full post clay data-set. Plots of 1-cdf shown on the
right are also based on these analysis windows where the blue and red lines represent the baseline

and final measurement windows, respectively.
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Figure 7. Variation in bedform sediment flux with increasing clay accumulation within the
bed. (a) Box and whisker plots represent all bedform fluxes for a 100 hour window and the circles
represent the mean values where the colors (red, blue, green, yellow) represent Runs 1-4, respec-
tively. All data were normalized by the average value for that Run’s baseline dataset for zero clay
accumulation (denoted by the 'bl’ subscript, see Table 2 for values). Box and whisker plot show
variation inherent in each measurement window. The dashed line indicates a linear regression fit
to all of the data. (b) 1-cdf for the baseline (solid lines) and final hundred hours (dashed lines)

of the normalized sediment flux. Note that the 1-cdf shows decreasing flux with increasing clay

accumulation for the entire population of measured bedforms.
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