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STABILIZING INFLUENCE OF SILT ON SAND BEDS 2

ABSTRACT

In marine environments, sediments from different sources are stirred and dispersed, generating beds that
are composed of mixed and layered sediments of differing grain sizes. Traditional engineering formulations used
to predict erosion thresholds are however generally for unimodal sediment distributions, and so may be
inadequate for commonly occurring coastal sediments. We tested the transport behavior of deposited and mixed
sediment beds consisting of a simplified two-grain fraction (silt (Dsp = 55 pm) and sand (Dsp = 300 um)) in a
laboratory-based annular flume with the objective of investigating the parameters controlling the stability of a
sediment bed. To mimic recent deposition of particles following large storm events and the longer-term result of
the incorporation of fines in coarse sediment, we designed two suites of experiments. (1) “the layering
experiment”: in which a sandy bed was covered by athin layer of silt of varying thickness (0.2 -3 mm; 0.5-3.7
wt %, dry weight in alayer 10 cm deep); and (2) “the mixing experiment” where the bed was composed of sand
homogeneoudly mixed with small amounts of silt (0.07 — 0.7 wt %, dry weight). To initiate erosion and to detect
a possible stabilizing effect in both settings, we increased the flow speeds in increments up to 0.30 m/s. Results
showed that the sediment bed (or the underlying sand bed in the case of the layering experiment) stabilized with
increasing silt composition. The increasing sediment stability was defined by a shift of the initial threshold
conditions towards higher flow speeds, combined with, in the case of the mixed bed, decreasing erosion rates.
Our results show that even extremely low concentrations of silt play a stabilizing role (1.4% silt (wt %) on a
layered sediment bed of 10 cm thickness). In the case of a mixed sediment bed, 0.18% silt (wt %, in a sample of
10 cm depth) stabilized the bed. Both cases show that the depositiona history of the sediment fractions can
change the erosion characteristics of the seabed. These observations are summarized in a conceptua model that
suggests that, in addition to the effect on surface roughness, silt stabilizes the sand bed by pore-space plugging
and reducing the inflow in the bed, and hence increases the bed stability. Measurements of hydraulic
conductivity on similar bed assemblages qualitatively supported this conclusion by showing that silt could

decrease the permeability by up to 22% in the case of alayered bed and by up to 70% in the case of a mixed bed.



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72
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INTRODUCTION

Estuaries are well known as highly dynamic coastal environments surrounded by densely populated
areas and act as a filtering link on the sediment input brought by rivers and the sea. During fluvial sediment
transport towards the sea, coarse-grained sediment fractions are usually trapped in the floodplains of rivers,
while the fine fractions accumulate in the estuaries (Dyer 1994). Tidal currents and superimposed waves also
supply sediment from the sea. During storm events, floodwaters carry new sediment as plumes into the estuary
and previously deposited estuarine sediments are mixed and dispersed throughout the estuary. Differentia
settling rates create mixed and layered sediment beds of fine and coarse materials (Torfs 1997; Williamson
1991). Time-varying currents such as those caused by tides can also result in layered sediments, as fine materias
are deposited over coarser compositions (Mitchener and Torfs 1997) during slack tide. Moreover, the sediments
mobilized by dredging activities can often cause thin veneers of non-native sediment both as part of the dredging
activity and also as part of the process of dredge-spoil dumping. Predicting the entrainment thresholds and
erosion rates for these mixed sediment beds lies at the heart of understanding estuarine sediment dynamics, and
such predictions are widely used across a number of fields ranging from our ability to reconstruct past
sedimentary environments to understanding the impact of sediments on benthic communities following large
storm events (Essink 1999; Leys and Mulligan 2011; Thrush et al. 2004; Zgjac et a. 1998). In more applied
cases, coastal engineers and managers rely on these predictions to manage port developments (drilling and

dredging activities) and maintain navigation routes.

The threshold beyond which particles move is reached when the instantaneous fluid force (Fr) is larger
than the resistance force (F) of the grain, which is a function of the particle weight (F), the particle angle of
repose (p), the lift force (F;), and the drag force (F) (Allen 1970; Komar 1987; van Rijn 2007). This “initiation
of motion” is classically defined by the empirically derived Shields curve (Shields 1936) as when the bed-shear
stress exceeds the critical threshold for that particle size. The Shields curve was derived for uniform,
homogeneous, noncohesive sediments of the same grain size (Soulsby 1997); it is less accurate for finer-grained
beds (Hir et a. 2008; Mehta and Lee 1994). Thus Hjulstrém (1935; 1939) used observations in an attempt to
develop a universal predictor of the critica erosion of sediments of a wide range of sizes (the “Hjulstrom
Diagram”). This predictor indicated that fine sediments, in particular mud, are much harder to erode than sand.
The common occurrence of muddy sediments in estuaries, which are typically composed of 60% silts (2 — 63 um
diameter) and 40% cohesive clays (< 2 pm diameter) (Manning et al. 2010; Winterwerp and Van Kesteren 2004)

has focused research on developing critical threshold formulations for very fine-grained, cohesive, clay-rich
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sediment compositions after removal of the sand fraction (Torfs 1997). The cause of these changes in
entrainment characteristics towards higher bed stability in finer fractions is the influence of cohesion and
biostabilization (Whitehouse et a. 2000). As shown by many studies on muddy, clay-rich sediments, cohesion
(caused by dectrostatic forces) binds together the clay minerals and increases the erosion resistance significantly
(Alvarez-Hernandez 1990; Dyer 1989; Hir et al. 2008; Hir et a. 2011; Jacobs et a. 2011; Kamphuis 1990;
Murray 1977; Panagiotopoulos et a. 1997; van Ledden et a. 2004). Biostabilization (Paterson 1994; Paterson et
al. 1990; Paterson and Hagerthey 2001; Y oung and Southard 1978) is the influence of the activity of the micro-
organisms (bacteria, microagae, fungi) and macro-organisms (worms, molluscs, crustaceans), which can
influence the sediment stability by binding sediment particles together, increasing erosion resistance, or break
down sedimentary structure via bioturbation, decreasing erosion resistance (Karl and Novitsky 1988). An
overview of the erosion formulations for estuarine mud can be found in Whitehouse et al. (2000) and
Winterwerp and Van Kesteren (2004).

Many experiments on sand and mud beds have investigated these components separately to improve the
understanding of the erosion behaviour (van Ledden et a. 2004) both in laboratory flumes flume (Black and
Paterson 1997) and in situ (Amos et al. 1992; Whitehouse et al. 2000), yet natural estuarine sediments, which
consist of both noncohesive (sand and coarser silt) and cohesive (finer silts and clay) fractions in various
combinations, may behave quite differently than their component fractions. The different entrainment properties
of the component particles cause different sediment fluxes relative to what would occur over uniform sediment
beds of the component fractions (van Ledden 2002). Therefore mixtures may behave in ways not covered by the
traditional relationships derived by Shields (1936) and Hjulstrom (1935; 1939). Recent studies on the threshold
conditions of such mixed sediments so far have focused on the erosion behavior of sand and mud mixtures where
the mud was composed of cohesive clay-rich compositions (van Ledden et al. 2004; Whitehouse et al. 2000).
Laboratory experiments have shown atransition from noncohesive to muddy cohesive sediment with higher clay
concentrations in the sediment beds (Alvarez and Hernandez 1990; Kamphuis 1990; Murray 1977). For example,
Panagiotopoulos et al. (1997) identified, by progressively adding clay to sand, a critical clay content of 5— 10%
(by weight) increased the erosion threshold significantly. Others have observed a similar transition at a clay
content of 5 - 15% (by weight) (van Ledden et al. 2004), while Torfs (1997) showed that adding 20 - 30% clay
(by weight) to pure sand caused an order-of-magnitude increase of the critical bed shear stress. In general, the
maximum value for increasing the critical bed shear stress depends on the grain size, porosity, and density of the

sand (reviewed by Whitehouse et al. (2000)).
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STABILIZING INFLUENCE OF SILT ON SAND BEDS 5

It is not only the cohesive properties of the finer fraction in mixed grain beds that causes the change in
erosion behavior of the bed, but also the construction and packing of the bed and the existence of “network
structures’ (Whitehouse et al. 2000). At the surface of the sediment, fine grains can rest in the interstitial spaces
of the rougher coarse grains, and thus be protected from erosion by the coarser grains (Komar 1987). This effect
has been shown to be enhanced with increasing difference between the grain size of the two size fractions (NiNo
et a. 2003). However, most research has focused on the influence of the finer fraction on the erosion properties
of coarser fraction. Mitchener and Torfs (1997) showed that sand stability increased when adding clay because
the binding between the clay particles causes a denser matrix composition, which raises the erosion resistance.
They demonstrated that the clay particles generated a cage-like network fully encompassing the sand grains.
Consequently, the increased erosion resistance was a result of the binding influence and the developed clay cage.
Panagiotopoulos et al. (1997) concluded that if the clay content exceeds 11 - 14%, the sand grains are no longer
in contact with each other, which changes the particles angle of repose of mud, and therefore erosion resistance
of the mixture is controlled by the clay characteristics. Van Ledden et al. (2004) reanalyzed the experiments of
Panagiotopoulos et a. (1997) and Torfs (1997) and supported the idea that network structures influence the
erosion resistance. Also, Hir et a. (2011) supported the concept that these network structures increase the
erosion resistance. Furthermore, several theories have suggested that this texture phenomenon causes a reduction
of the intergranular friction due to partia filling of the pore space (Hir et al. 2008; Panagiotopoulos et a. 1997;
Torfs et a. 2000). However, the influences of sediment texture and the pore-space-filling network (“network

structures”) on the entrainment behavior of the sediments are not fully understood.

The literature on mixed sediments (sand and mud) suggests that clays are thought to be the only relevant
factor in increasing the erosion resistance and hence the bed stability, due their cohesive properties and the
ability to generate “network structures’. For example, Jacobs et a. (2011) eroded artificially generated sand,
mud, and silt mixtures and postulated that cohesiveness is more important to surface erosion and sediment
strength than are packing density and drainage. However, silt is also a major part of the mud fraction in natural
sediments. Silt is commonly found in many coastal environments of the world (e.g., along estuarine basins,
estuarial river channels and mouths, artificial harbor basins (docks), navigational channds, and coasta
shorelines and shelves (Dolphin and Green 2009; Healy 2002; van Rijn 2005; Winterwerp and Van Kesteren
2004). Further, Metha and Lee (1994) showed that cohesion is important only for silt particles less than 20
micrometers in size and cohesion is unlikely to play arole in silt-sand mixtures, suggesting that the role of other

mechani sms such as the development of network structures might play a greater role in bed stability.
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In contrast to previous studies, which have been limited to sand-dominated and clay-dominated
mixtures, this paper explores effects of small amounts of noncohesive silt in a predominantly sandy bed on
entrainment and transport and the potential role of silt in creating network structures and blocking the inflow of
porewater. We use laboratory experiments in a small-scale annular flume to test the role of thin layers of silt
blanketing the fine sand bed and the more common case of homogeneously mixed beds. These treatments were
chosen to imitate respectively the recent deposition of particles following large storm events and the longer-term
result of the incorporation of fines. Two suites of experiments were designed: (1) “the layering experiment”: in
which a layer of silt was deposited in increasing quantities on top of a homogeneous sand bed; and (2) “the
mixing experiment”: which used a mixed sediment bed consisting of sand and increasing amounts of silt. The
stability of each bed was tested, using a unidirectional flow where the mean flow conditions were increased

incrementally.

METHODS

2.1 Sediments

All sand used in the experiments (sampled from Pauanui Beach, New Zedand, 37°0'41.48" S
175°51'58.03" E) was dry sieved to 300 um (Dsg, average grain diameter) ranging from 210 to 310 um; using an
Endecott’s sieve shaker, whereas the silt (sampled from Waikareao Estuary, Tauranga Harbour, New Zealand,
37°41'42.98" S 176°9'11.80" E) component was extracted from the bulk sample by wet sieving to Dsy = 55 pm.
Wet sieving had only a limited ability to constrain the size fraction, and the grain-size distribution of the silt
fraction ranged from 0.8 to 200 um (determined using a Laser Particle analyzer (Mavern Mastersizer 2000;
Figure 1)). Note that the cohesive clay particles (< 2 um) in the “silt” fraction constituted < 1.2% by volume and
the cohesive silt particles (< 20 um) were < 1.9% by volume.

2.2 Annular Flumes

The experiments were carried out using an annular laboratory flume (Figure 2). This was constructed
with dimensions according to Widdows et al. (1998). The circular channel was 10 cm wide and was bounded by
an outer (63 cm) and inner (43 cm) rim, resulting in a bed area of 0.17 m2. At the maximum water level of 25
cm, 40 liters of artificial seawater (S = 30) were accommodated in the flume. A removable, rotating lid (45 cm
diameter) driven by a 12 VV motor was mounted on top of the flume, which caused a current motion of up to 0.30
m/s (55 rotations per minute; 1 is 0.00526 m/s (Jones et a. 2011)) The motor speed was controlled by a

computer with Labview-based software which alowed the controlled variation of the flume flow speeds.
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The concentration of suspended particulate matter (SPM) in the water column was recorded in millivolts
by an optical back-scatter sensor (Seapoint turbidity meter; Seapoint Sensors Inc.) positioned 7.5 cm above the
sediment bed (Figure 2) and was logged on a computer at 1 Hz. In mixed-grain suspensions, the OBS sensor
preferentialy senses the silt fraction (Green and Black 1999), and so the sensor was calibrated for each run
individually. Water samples were extracted by suction through a sampling port (2 mm dia) 7.5 cm above the
sediment surface in order to calibrate the OBS sensor and to provide absolute measurements of the suspended
load (following Widdows et al. 1998). The port was closed by a directional blocked center valve and connected
by a plastic tube to a 50 ml Luer-Lok syringe (BD Plastipak). Samples for calibrating the OBS (for each run at
each flow speed tested) were filtered through pre-weighed glass microfiber filters (GF/C 45 mm, Whatman)
using a vacuum pump. The filters were prewashed in milli-q water to dissolve sdts, then dried at 105 °C for 24 h
and weighed.

2.3 Experimental Procedure

We designed two suites of experiments (summarized in Table 1): one in which a sand bed was covered
by athin layer of silt of varying thickness (1. the layering experiment), and one in which the bed was composed
of sand mixed with small amounts of silt (2. the mixing experiment). Both experiments consisted of two phases.
In Phase | the bed was allowed to settle and consolidate, and in Phase I, the velocity in the annular flume was
increased to cause erosion. In each experiment the bed was prepared by creating a sediment bed 5 cm thick in the
flume (sand in experiment 1, sand-silt mixture in experiment 2). After filling the channel with sediment, the bed
was saturated with saltwater.To minimize any variations in surface elevation, which may promote the onset of
erosion and add variability to the experiments, the bed was flattened by a scraper (sand bed in experiment 1,
sand-silt mixture in experiment 2) before filling the flume. In the layering experiment the sand bed was scraped
smooth prior to the sedimentation of the silt layer, and in the “mixed” treatments bed flattening occurred
immediately after the sediment was placed in the flume. A sheet of bubble-wrap plastic, cut to the dimensions of
the channel, was placed on top of the sediment to ensure that the bed was not disturbed by the inflow as the tank
was filled. Subsequently, the motor, the OBS, and the rotating lid were installed.

During Phase | of each of the layering experiments, the six bed treatments were constructed by allowing
29, 118, 235, 353, 471, and 941 g/m? of silt to deposit in a thin layer on the bed ranging from 0.2, 0.6, 1.1, 1.8,
2.2, and 3 mm respectively. The ranges were chosen so that the lower levels (29; 118 g silt/m?) would fill the
pore spaces but not cover the surface. The conversion to weight percentage (wt %) was calculated by considering
a surface grab sample of 10 cm depth where the composition of the sample would correspond to 0.9, 1.4, 1.8,

3.7, and 7.3% (dry weight) silt. The silt was deposited on the sand bed by initially mixing it with 2 L of saltwater
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STABILIZING INFLUENCE OF SILT ON SAND BEDS 8

and by shaking the container for a minute. To achieve the best possible dispersion in the flume, the silt mixture
was poured gently into the flume with the motor running at 0.05 m/s for 5 min. The material was allowed to
settle for 4 h by decreasing the flume flow velocity to 0.025 m/s. One run was undertaken with a 24 h settling
time. It could be shown that after 4 h 99% of al silt which would have settled in 24 h was deposited, indicating
that 4 h settling time was adeguate. In the erosion Phase Il the flume flow velocity was increased in steps of
0.025 m/s ranging from 0.025 to 0.30 m/s, with the exception of the change between 0.2 and 0.25 m/s, which
was undertaken in one 0.05 m/s increment. Each flume-flow velocity increment was 15 min in length (Table 1).
OBS calibration water samples were taken every 15 min. These flow speeds were chosen to characterize the
environment on tidal sand flats (Leeder 1999; Wright et al. 1999) and were strong enough to initiate sediment
transport in all treatments.

The mixing suite of experiments was made up of four runs, each with increasing quantities of silt added
to the bed (120 g/m3, 300 g/m3, 600 g/m?, 1200 g/m?). Considering a surface grab sample of 10 cm depth of the
sediment beds, these concentrations correspond to 0.74, 1.8, 3.7, and 7.4% (dry weight) silt. Similar to the
layering experiments, the mixing experiments were divided into two phases. In Phase |, we added the mixed
sand and silt to the flume and then alowed the bed to settle under no flow for 12 h. Phase Il was the identical to
that donein the layering experiments.

Photographs were taken at the beginning and end of the experiment, and video footage was collected
during each experiment. This alowed qualitative observations of the erosion state of the bed, the formation of
bedforms (the destabilization of the bed), the time that the surface silt layer was completely eroded, and the time
at which the sand was first entrained from the bed. In these visual observations we defined “stable” as a bed in
which the sand fraction was not mobilized at the highest flume flow velocity tested (0.30 m/s).

2.4 Near-Bed Hydrodynamics

We mapped the boundary-layer dynamics of three of the layering experiments (pure sand; 29 and 941
o/m?) at flow speeds up to 0.20 m/s. To parameterize the bed shear stress (z;), we used a downward-looking
SonTek MicroAcoustic Doppler Velocimeter (ADV). The ADV (Figure 2) was mounted onto a vertical racking
system through the base plate into the middle of the channel (Jones et al. 2011). Because of this arrangement
flow speeds higher than 0.2 m/s caused scour around the ADV and bed profiles were not measured. The spatial
dimensions for a precise positioning near the bed was identified following Finelli et a. (1999). Each velocity
profile was recorded at 25 Hz at 15 elevations from 0.5 cm up to 2.69 cm above the bed. The bed shear stress

was calculated by using the turbulent kinetic energy (TKE) method (summarized in Kim et a. 2000 and Pope et
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al. 2006). TKE describes the product of the absolute intensity of velocity fluctuations from the mean flume flow
velocity and depends on the fluid density (p):
TKE = =p(&®+ 77 + w7)
79 = CxTKE
C1=0.19

where ' represents the fluctuating part of the flow in steam-wise direction and v’ and w’ the cross
channel and vertical components of the flow. The ratio of bed shear stress (z,) to TKE is constant, and C; isthe
proportionality constant (Pope et a. 2006). The relationship between flow velocity and bed shear stress for the
three treatments (pure sand, 29 and 914 g/m? silt) was linear (¥ = 0.85-0.90; n = 7 - 9), and an analysis of
covariance reveaded no significant treatment effect (homogeneity of slopes p = 0.35; treatment p = 0.88) on
boundary-layer flow characteristics. Consequently data from all three treatments were pooled to provide asingle
conversion formula for al treatments given by 7, (N/m?) = 0.355xU (m/s) (* = 0.88), where U is the depth-
integrated flow speed in the flume.

In small annular flumes such as those used in these experiments, secondary flows are generated. The
magnitude of the cross-stream flows in our flume are between 14 and 17% of the aong-channel component (C.
Pilditch, unpublished data). Note that this proportion does not vary with height above the bed or with along-
channel flow speeds up to 0.45 m s™. Although the sediment transport dynamics are likely to be affected by
these secondary flows, these were consistent across all treatments, and consequently comparisons between each
experimental treatments are possible.

2.5 Hydraulic Conductivity

A constant-head permeameter was used (Klute and Dirksen 1986) to measure the hydraulic conductivity
(k, m/s) of sedimentsin both the mixed and layered experiments. In cores (0.052 m diameter) a sediment column
of 0.11 m was prepared in the same manner as the erosion experiment (allowing different amounts of silt to settle
to the sand bed under gravity or being mixed into the bed) to mimic the range of bed compositions created in the
flume. The value of k can be estimated from the height of the water column above the core (which remains
constant), bed area and depth, and the time taken to collect a known volume of water passing through the bed.
We constructed one example of each treatment and averaged several reading per core to estimate k.

2.6 Data Analysis

The stabilizing influence of silt on sand beds was analyzed by comparing the relationships between the

suspended-parti culate-matter concentrations (SPM), erosion rates, and critical bed shear stresses. OBS (mV) was

converted to SMP (mg/l) using empiricaly derived relationships for each experiment. The coefficient of



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

STABILIZING INFLUENCE OF SILT ON SAND BEDS 10

determination (R) ranged from 0.91 to 0.96. The SPM time series following a step change in flow speed was
well described by a hyperbolic tangent. Therefore, the sediment erosion rate (E), i.e., rate of change of suspended
load in the water column, was modeled by the initial slope ab of the least-squares fit of the hyperbolic tangent
model y = a tanh(bf) fitted to each 10 minute segment of SPM data (with constant velocity), where y is SPM
concentration and ¢ is time. The determination coefficients (R’) of al experiments varied between 0.89 and 0.99,
which was higher than the usually implemented linear regression analysis used by, for example, Widdows et al.
(1998). With this model, the initial concentration reduces simply to y = abt, where the initial erosion rate (ab)
and sediment concentration at large ¢t asymptotes to y = a. The velocity needed to initiate transport of sand and/or
silt at the sediment surface or destabilize the bed (as determined from video footage) was defined as the “critical
velocity”. The quantification of the critical bed shear stress (z.), was parameterized following Riethmiller et al.
(1998) by using the relationship between the applied bed shear stress (z;) and sediment erosion rate. Fitting a
linear regression line to these data at the first significant increase in erosion rate (> 35 mg/m?/s), allowed z, to be

calculated as the intersection of regression line (R? = 0.97 — 0.99) with the x axis (bed shear stress).

RESULTS

Overadll, the results show that silt increased the erosion resistance of the underlying sand (layering
experiment 1) or mixed-grain bed (mixing experiment 2) and maintained the stability of the bed. In “low” silt
concentration treatments (the layering experiments. 29 g/mz2, 118 g/mz, 235 g/m?, and the mixing experiment:
120 g/m3), no stabilization was observed, instead sand bedforms were generated at higher flow speeds (0.15 nv/s,
0.20 m/s, 0.25 m/s) than in the pure-sand case. In contrast, in “high” silt concentration treatments (the layering
experiments: 351 g/m?, 471 g/m?, 941 g/m?, and the mixing experiment: 300 g/m3, 600 g/m3, 1200 g/m3) the
underlying sand or mixed-sediment bed stabilized and no bedforms were observed. Furthermore, the
measurements of hydraulic conductivity showed that with increasing silt content the hydraulic conductivity (k)
decreased. Table 2 provides an overview of the sediment behavior derived from the flume experiments and the
corresponding values of hydraulic conductivity. Additionally, photos showing one low and one high silt
concentration run of both experiments are provided in Figure 3.

3.1 Hydraulic Conductivity

In both the layering and mixing experiments, the hydraulic conductivity decreased with increasing silt
quantities, but the effect was greater in the mixed treatments (Table 2). For the layering experiments hydraulic
conductivity decreased by 22%, from 0.00064 m/s for pure sand to 0.00045 m/s for the 9.5 g/m? treatment, but

note that there was little detectable effect of silt on hydraulic conductivity in the range 0.3 - 2.0 g/m?. In contrast,
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silt mixed into the sediment produced a 70% reduction in hydraulic conductivity at 1200 g/m®, and at 300 g/m®
the reduction was comparable to that observed at the highest silt concentration used in the layering experiment.
3.2 The Layering Experiments

The change in suspended-sediment concentrations observed throughout the layering experiments as the
flow speed increased (Phase I1) are presented in Figure 4A. SPM concentrations decreased slightly below < 0.15
m/s because silt particles were still being deposited. At 0.15 m/s silt began to erode in all treatments (Figure 4A).
After this critical threshold for initiation of silt erosion was exceeded, two classes of erosion behavior at silt
concentrations < 235 g/m? (low) and > 352 g/m2 (high) could be identified. Following each incremental change
in flow speed, initial erosion was identified by a steep change in sediment concentration followed by an
asymptotic decrease in the rate of change to constant concentration. The experiments with low levels of silt
showed that the silt increased the threshold where the underlying sand began to move significantly (yellow, blue,
and black linesin Figure 4A and Table 2). Visua observations indicated that the thicker the layer of deposited
silt, the higher the threshold for sand movement. Therefore, the threshold for initial sand erosion was shifted to
higher flow speeds (0.20 — 0.275 m/s) with increasing silt concentration (Figure 4A). Furthermore, visual
observations indicated that this occurred when the layer of silt protecting the bed was eroded and the sand grains
appeared to be exposed (thin silt layer in Figure 3, 1A). At higher flume flow velocities (> 0.275 m/s) the sand
bed failed with the establishment of bed forms with 2 - 5 cm wavelength (Figure 3, 1B). In these cases, erosion
of st and sand was observed at the same time (Figure 4A). This sand and silt continued to be in put into
suspension and accounts for the steep rise in suspended-sediment concentration (from 50 to 150 mg/l) in Figure
4A towards the end of the experiments.

The erosion rates of the low-silt layering runs have three stages (Figure 5A). Note that the erosion rates
have been plotted against applied bed shear stress rather than flow speed, where 0.01 N/m2 corresponds to a 0.05
m/s interval. In stage 1 there was no erosion until the initial silt erosion at 0.04 N/m2. Then there was a gradual
increase in erosion rate up to about 100 mg/m?/s (stage 2). The erosion rates increased up to a factor of 3,
depending on initia silt concentration, and then declined, presumably as the surface layer of silt was depleted,
and only sand grains were left to be suspended. In the last stage (3), when the bed shear stress reached 0.09
N/m2, a strong increase of the erosion rates to 400 mg/m?/s for the low silt treatments occurred, which is related
to continuous sand suspension in combination with the growth of bed forms (Table 2; Figure 3, 1B).

In contrast, the high silt concentrations (Figure 4A, brown, red, and green lines) stabilized the sand bed
and no bed forms were observed (Table 2; Figure 3, 2B). The transition from a bed that becomes unstable at high

flow speeds (low silt) and the ones that remain stable (high silt) corresponded to a silt concentration between 235
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g/m2 and 353 g/m2. Similar to experiments with “low” concentrations, silt erosion was initiated at 0.15 m/s. As
the flow speed increased, there was a continuous increase in SPM, and visually a decrease in the thickness of the
silt layer on the bed surface was observed (compare Figure 3, 2A and 2B). Visual observations a so revealed that
silt was transported also as bed load on top of the sand bed. Even if all silt layering on the sediment appeared to
be eroded (which occurred only at the highest flume flow velocity tested) and the sand surface was exposed, the
remaining sand bed still stayed stable (compare Figure 3, 2A and 2B). In the final stages, the SPM concentration
did not equilibrate as quickly after each change in velocity, and the erosion rate did not reach an asymptotic
steady state within the 15-minute time frame. The transition to this decreasing pattern of erosion rate occurred at
alower flow speed (0.15 m/s) for the 471 g/m2 and 941 g/m?2 experiments. At the highest flow speeds (> 0.275
m/s) and highest silt-layer thicknesses (the 471 g/n? and 941 g/m? runs), 0.5 - 1 cm wavelength silt bed forms
appeared on top of the stable but partially exposed sand bed. The differencesin SPM concentration between the
353 g/m?, 471 g/m?, and 941 g/m? experiments did not follow a consistent pattern. The SPM concentrations for
the 471 g/m? experiments were always higher than the 941 g/m? experiments. The divergence in the erosion
behavior of the 471 g/m2 run occurs at the lower flow regimes (< 0.20 m/s), where only the silt is mohilized
(Figure 4A).

The erosion rates for the “high” (353 g/m?, 471 g/m?, and 941 g/m?, brown, red, and green lines) silt
layering runs differ from the pattern of the erosion rates for “low” st concentrations in that the previoudy
defined erosion stage (3) was not observed (Figure 5A). Following a steep increase which corresponds to the
erosion of the silt layer at 0.04 — 0.05 N/m?2 (which occurred in al treatments, 100 — 1000 mg/m?/s), a trend
towards a constant erosion rate or decreasing erosion rate seems to evolve at higher flow speeds. The flow speed
where this flatting trend emerges is higher (> 0.07 N/m?) for larger silt amounts (compare yellow line and red
line in Figure 5A). This flattening becomes particularly clear while considering the 118 g silt/m?2 curve (orange
line). At this stage visual observation indicated that all silt was suspended, whereas the sand bed remained intact
(Figure 3; 2B). The 353 g silt/m? (brown line) and 471 g silt/m? (red line) also follow the trend towards
decreasing erosion rates because increasing the silt concentration extended the velocity range over which the silt
layer was eroded. The last data point could not be collected due to alimited sensitivity range of the OBS sensor.

From visua observations it was determined that in the case of the pure sand bed the tested bed shear
stresses resulted in primarily bed-load transport. In this case, the sand was not resuspended to the height of the
sensor in sufficient quantities for detection (Figure 4). Therefore, the derived erosion rate change resulting from
increased bed shear stresses were compared with the predicted erosion behavior of pure silt (black dashed linein

Figure 5) and pure sand (black dashed and dotted line in Figure 5) based on the erosion rates estimated from
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published relationships. The erosion functions of pure silt and sand were derived based on the formulations

described by Hir et al. (2008) and Mehta and Parchure (2000):

E=M {ﬂ]n,

Te
where E corresponds to the erosion rate (mg/m?/s), M and n are erosion-rate constants which were optimized
from calibration (M-sand = 20; M-silt = 500; n = 1.5; i.e. van Rijn 2007) whereas z. represents the critical bed
shear stress (N/m?) respectively. The critical bed shear stress for silt is 0.03 N/m?2 and was derived from the
erosion-rate plots following Riethmdiller et a. (1998) and was found to be equal for theinitia silt erosion for al
experiments. In contrast, the critical bed shear stress of sand, 0.05 N/m2, was derived by the Shields curve found
in Soulsby (1997). Our experimenta results indicate that the erosion characteristics of the layered bed lie
between these two extremes, as expected.
3.3 The Mixing Experiments

The SPM recordings taken at different flow speeds collected throughout the mixing experiments are
illustrated in Figure 4B. Both visua observations and the SPM measurements confirmed that silt erosion took
place only when the flow speed exceeded 0.15 cm/s. Experiments with “low” silt concentrations in the bed (120
g/m3; black line in Figure 4B) differ from experiments with “high” silt concentrations (> 300 g/m3; blue, yellow,
and brown linesin Figure 4B). The run with low bed silt concentration did not level off to a constant suspended-
sediment concentration, instead it was characterised by a steep increase up to 180 mg/l, which occurred at
relatively high flow speeds (0.20 — 0.30 m/s). Visual observation showed that sand erosion was initiated at 0.20
m/s and was immediately accompanied by the appearance of 2 — 3 cm wavelength bed forms which were fully
established during the 0.30 m/s flow interval (compare Figure 3; 3A and 3B). During the “high” silt
concentration runs (blue, yellow, and brown lines in Figure 4B), the sediment bed remained stable and no
generation of sand bedforms could be observed (compare Figure 3; 4A and 4B). In contrast to the layering
experiments, visual observations indicated that silt was suspended directly out of the sand bed. Moreover, SPM
increased less with increasing flow speed. Therefore the erosion rate (Figure 5B) decreased when there were
increased levels of silt mixed into the bed. In particular, the transition between higher erosion rates and lower
erosion rates (Figure 5B) occurred at different flow speeds (0.15 — 0.175 m/s) in the 300 and 600 g/m?3
experiments. In contrast, the 1200 g/m? runs were characterised by a low erosion rate and minor changes in
SPM.

The erosion rates calculated from the mixing experiments (Figure 5B) highlight the effect of a

decreasing erosion potential during higher current velocities by increasing silt concentrations in the bed.
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Experiments with “low” silt concentrations (Figure 5B, black line) are characterized by a continuous rise of the
erosion rates. Silt began to be eroded at 0.04 N/m?2 and was followed by sand erosion beginning at 0.08 N/m2. In
comparison, in “high” bed-silt concentrations (Figure 5B, blue, yellow, and brown lines), the erosion rate of the
300 and 600 g/m? experiments peaked between 0.04 N/m2 and 0.06 N/m?, followed by a decline towards zero.
Visual observations indicated at this stage that no more additional silt was suspended. Suprisingly, even up to
bed shear stresses of 0.1 N/n?, the erosion rates for the highest bed-silt concentrations (1200 g/m?3) show only a
minor increase in SPM. Further, the erosion rates of the mixing experiments are compared with the predicted
erosion behavior of pure silt (black dashed line in Figure 5B) and sand (black dashed and dotted ling). The
results show that the erosion characteristics of the mixed bed lie approximately between the predicted erosion
rates for pure sand (dashed line, Figure 5) and pure silt (dash-dot line in Figure 5). At high bed shear stresses, the

mixed sediment bed erodes at alower rate than expected for a pure sand bed.

DISCUSSION

The annular-flume experiments show that silt either deposited on top of a sand bed or mixed into a sand
bed has a stabilizing effect on the sand bed. The threshold conditions for initiation of motion of sand were
shifted to higher flow speeds for beds containing silts compared to initial threshold conditions for a pure sand
bed. Even ardatively small amount of silt that was either deposited out of suspension (1.4 silt wt %) or mixed
into the sediment bed (0.18 silt wt %) induced sediment stabilization. Furthermore, the measurements of
hydraulic conductivity showed a significant decrease in permeability in mixed sand-silt beds (Table 2).
Therefore, our results show that even minor changes to the silt composition of the bed, and the distribution of the
silt within the bed, can cause dramatic changes to the erosion rates and to the hydraulic conductivity, and hence,
increase the bed stability. These changes to erosion rates encompass the entire range between predicted rates for
pure sand and pure silt.

All studies so far which focused on mud and sand mixtures (Alvarez-Hernandez 1990; Dyer 1989;
Kamphuis 1990; Mitchener and Torfs 1997; Murray 1977; Panagiotopoulos et a. 1997; Raudkivi 1990; Torfs et
al. 2000; van Ledden et a. 2004) have noted an increased erosion resistance (compared to pure sand) when
treating sand (noncohesive) with mud (in particular cohesive clays) in various compositions. The transition from
sandy (noncohesive) to more stable muddy (cohesive) erosion behavior occurs at clay contents ranging between
3 and 15% (reviewed in Whitehouse et a. 2000). However, our results also show that silt layered on top of a
sand bed (the layering experiments) stabilized the sediment with a minimum silt concentration of 353 g silt/m?,
which corresponds to only 1.4% silt (wt %) (considering comparable bed samples of 10 cm depth). This is

comparable to previous mud experiments. Moreover, when silt was mixed into sand (mixing experiments), the
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sediment was stabilized at a minimum concentration of 300 g/ms, i.e., 0.18% silt (wt %), which is much lower
than previous findings (see above, abeit for mud). Our results clearly demonstrate that concentrations of lower
noncohesive silt are required to increase the erosion resistance than in the case of cohesive mud.

Prior studies have shown that the main physical controls on the erosion of sediments are the mineralogy,
grain-size distribution, density, and cohesion (Allen 1970; Hir et a. 2008; McCave 1984) as well as “network
structures’ (Whitehouse et a. 2000). Due to the fact that our samples were separated from the cohesive clay
fraction by sieving, cohesion is unlikely to influence the stabilization behavior of our silt-sand treated sediment
beds (Winterwerp and Van Kesteren 2004). Furthermore, Mehta and Lee (1994) showed that the cohesion of silt
is significant only for particles smaller than 20 microns, whereas our samples have a median diameter of 55 um.
The cohesive silt particles < 20 um (1.9 vol. %) and cohesive clays < 2 um (1.2 vol. %) were only a minor part
of the total volume fraction of our silt component and are unlikely to have caused a cohesive influence on the
erosion behavior.

Following the hypothesis that a texture-induced sand-bed stabilization, where the clay particles fill the
pore spaces between the sand grains, can create a “cage-like” structure (Hir et a. 2008; Hir et a. 2011,
Mitchener and Torfs 1997; Panagiotopoulos et al. 1997; van Ledden et a. 2004; Whitehouse et a. 2000), we
postulate that the noncohesive silt in our treatments is filling the sand matrix. We did not measure these
structures directly, but the hydraulic conductivity measurements decreased with added silt, and thus, also
possibly a decrease in permeability, in both experimental setups (Table 2). This indicates that the quantity of silt
particles controls the blockage of the flow through the sediment bed and may explain the increase in sediment
stability caused by added silt in the flume experiments. Furthermore, there was a larger decrease in hydraulic
conductivity in the case of the mixed sediment cores as compared to the layered cores with increasing silt
content. This aso corresponds with the findings of the flume experiments, which showed that silt mixed into the
sediment beds appeared to cause more stability than layered sediment beds. This effect may reduce the pore-
water inflow as indicated by the measurements of hydraulic conductivity, but also minimizes changesin the pore
water pressure, and hence, reduces the effective stress in the bed (Eisbacher 1996).

Panagiotopoulos et al. (1997) suggested that the erosion resistance is increased by infilled pockets
increasing the internal particle angles of repose between fines and sand. In a sediment bed composed of coarse
sand particles, al sand particles are more or less in contact with each other. When fine clay particles are mixed
into the matrix of the coarse sand bed, the distances between the coarser grainsis increased due to the filling of
the pore space with finer particles, dightly increasing the pivoting characteristics, i.e., particle angle of repose.

So when finer particles were included in the pore spaces, the bed was more resistant to erosion. In addition, we
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suggest that the filling would also decrease the surface roughness of the bed by filling in the hollows between
grains. NiNo et al. (2003) show that fine-grained particles are less easily entrained when they are hidden in the
pore spaces between coarser particles, and thus the roughness of the coarse bed can reduce the erosion rate of
fine particles in a mixed-grain bed. Although we measured erosion rates and did not directly measure
entrainment threshol ds, our results suggest that the change in erosion thresholds caused by mixed-grain-size beds
(shown in NiNo et al. 2003) is entirely dependent on the quantity of fine sediment relative to coarse, and the
erosion rates can range from erosion rates of apure silt bed to much lower values.

A conceptual model that highlights our understanding of the stabilizing influence of silt on sand bed is
presented in Figure 6. This is based on former studies which suggested that fine particles fill the voids between
large grains to generate a more densely packed matrix affecting the erosion threshold. Our experiments can be
analyzed in more detail within the framework of this conceptual model.

4.1 Initial Response

The initia response of the bed to increasing flow speeds was the removal of the surface silt layer in the
case of the layering experiments and removal of the easily available surface silt in the case of the mixing
experiments. In the case of the layering experiments, this corresponds to entrainment of grains for a bed of the
same grain size, and so the roughness elements of the sand should have no effect on the entrainment process
(NiNo et al. 2003). It is possible to determine when the surface layer is removed, when the erosion-rate curves
deviate from the pure-silt case (dashed black line in Figures 5A and B). Before this point, the silt eroded
following the theoretical curve for noncohesive silt. This provides some confirmation of our assumption that the
siltis not cohesive. In the case of layers of silt of 235 g/m? or less, this silt layer was removed immediately.

Initial erosion of the silt in the mixing experiments varied depending on treatment. The silt was most
easily eroded in the 300 g/m® case but not in the cases with higher silt fractions. Erosion from the mixed bed
would depend on the surface roughness and the flow through the pore spaces (Figure 3; 4A; 6C). Roughness
influences entrainment by changing the particle angle of repose, changing the bed shear stress and the degree to
which the fine particles can be hidden by the coarser particles (NiNo et al. 2003). The 300 g/m® may cause the
roughest bed, yet large enough separation between sand grains that hiding is less important (Figure 6C). When
the bed silt concentration increases even more, the separation between grains becomes greater, which may
reduce the roughness and decrease the particle angle of repose of the sand grains, and cause the erosion rate to
drop (Panagiotopoulos et a. 1997; Wiberg and Smith 1987). The influence of pore-space blocking, which

inhibits flow through the bed, may also influence these higher bed-silt concentration more. This is supported by
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the dramatic drop in hydraulic conductivity at these silt concentrations (Table 2). However, we do not have
direct evidence of the effect of silt on bed roughness, so this interpretation remains conjecture at this point.
4.2 Blocked Pore Spaces

When the easily available silt was eroded from the bed (either from the surface layer or from between
the surface grains), the erosion characteristics depended on how the silt was incorporated into the bed. In this
case, the bed was stable when silt was contained within the pore spaces of the sand (Figure 3; 2B and 4B), and
the flow that normally occurs between the sand grains (and helps the entrainment processes) was blocked. This
occurred during both experiments, either when the surface layer of silt had been removed or when there was
sufficient silt incorporated in the bed. With respect to our conceptual model (Figure 6), we assume that bed
stabilization (Figure 3; 2B and 4B) occurs when a “blocked layer” in Figures 6B and D evolved, whereby the
smaller, denser silt particles filled the pore spaces between sand grains either by deposition or mixing until a
stage of saturation was achieved, i.e., pore-space plugging caused a blockage of the inflow (flow vectors in
Figure 6B and D). This occurred during both experiments, either when the surface layer of silt had been removed
(Figure 3; 2B) or when there was sufficient silt incorporated in the bed (Figure 3; 4B), which was also indicated
by the decrease in hydraulic conductivity. Consequently, this would take place in the experiments with
significant silt coverage of 353 g/m2 (brown line in Figure 5A) and 300 g/m3 silt content (blue line in Figure 5B)
for the mixed case. Furthermore, this filling of the surface pore space and coating of sand particles (Mitchener
and Torfs 1997; Panagiotopoulos et al. 1997) maintains smoother surface conditions (Figure 3; 2B and 4B),
which, in turn, would also cause a blockage of the inflow (flow vectors in Figure 6B and D) and hence, reduce
erosion rates. Moreover, this is accompanied by the reduction of the drag and lift forces acting on the sand
particles as suggested by Komar (1987) and Panagiotopoulos et a. (1997).

In terms of the layering experiments, possible evidence for the existence of the blocked inflow is that
when the surface layer of silt is removed (compare Figure 3; 2A and 2B), the erosion rate does not immediately
return to the erosion rate of pure sand, but instead depends on the initial depth of the layer of silt (note the
difference in erosion rate between the brown line 353 g/m? and yellow line 235 g/m? in Figure 5A). Thisincrease
in the effectiveness of the blocked layer may be due to the internal compaction within the pockets, which may
have more of an effect when the initia silt layer is thicker. It could aso be that the underlying sand bed is
exposed at higher flow speeds when the initia silt layer is thicker, and so the higher flow speeds might cause
structural strengthening of the blocked layer. Therefore, a possible explanation could be that the “blocked layer”
either becomes thicker or increases in depth and so is more pronounced, causing a higher stability due to denser

network structures (Torfs 1997).
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The SPM concentration differences between the 471 g/m2 and 941 g/m? runs (Figure 4A) of the layering
experiments could be explained by the evolution of a blocked layer. We assume that at higher flow speeds the
hydrodynamic pressure on the layer forced the silt particles to migrate in the pore space of the underlying sand
bed. In the case of an initia thicker silt layer, i.e., the 941 g/m? run, (Figure 3; 2A), additiona sediment loading
might enhance this effect, and hence, could cause structura strengthening. A possible explanation could
therefore be that the “blocked layer” becomes thicker, causing higher stability due to denser network structures
(Torfs 1997), similar to self-weight consolidation processes, which have been observed to decrease erosion
potential (Whitehouse et a. 2000). It isinteresting to note that a surface silt layer caused only asmall decreasein
hydraulic conductivity (Table 2) compared to the case of a mixed bed. This might be because without the
dynamic pressure caused by the overlying flow, silt is not forced into the underlying sand bed. In the case of the
mixed experiments, the blocked layer is not limited to the surface (Figure 6D), which may explain why erosion
rates were generally lower relative to the layered experiments.

4.3 Bed Destabilization - “Undersaturated” Pore Space

In cases when a very thin layer of silt is deposited on top of a sand bed (Figure 3; 1A), and also when
only asmall amount of silt is incorporated into the bed (Figure 3; 2A), the bed destabilizes and is eroded at the
higher flow speeds (compare with bed formsin Figure 3; 1B, 2B). This could be caused by an “undersaturated”
pore space (Figure 6A) where silt was deposited or mixed (Figure 6C) in concentrations too small to be able to
fill the pore space of the sand bed. Consequently, silt was immediately eroded and was not able to protect the
exposed sand grains from inflow (deep flow vectorsin Figure 6A and 6C). Moreover, the sand grains were more
exposed to the flow (i.e., surface appears rougher in Figure 3; 1A and 3A), which would cause rougher surface
texture, which in turn would enhance inflow into the sediment bed and increase the likelihood of sand erosion
(Figure 6A and 6C). This was also supported by relatively high values of hydraulic conductivity. It is interesting
to note that when silt was removed (yellow, blue, and black linesin Figure 5A; and black line in Figure 5B), the
sand bed eroded approximately like a pure sand bed, indicating that the pore-space blockage was either non-
existent or very shalow and easily flushed out under increasing flow speeds. Our flume experiments ceased at
0.30 m/s, so it is possible that the thicker layer treatments and the sediment beds mixed with greater fractions of

silt might eventually aso become unblocked and begin to erode.

Secondary currents are nearly always present in small annular flumes due to the geometry and methods
used to generate the flow. Although our results are affected by these flow patterns and may not be comparable to

results from the field and other flumes, these flow patterns are not dependent on treatment, and so our results
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should be comparable between treatments. Pope et a. (2006) used a similar setup and compared in situ field data
collected on intertida flats with their annular-flume results. They showed that the findings derived with their
annular flume were environmentally realistic and representative of the dynamic sediment conditions observed in
the field. There are limitations to this study, e.g., the difficulty in resolving flows in a compressed laboratory
boundary layer, the inability to differentiate between suspended sand and silt by the OBS, and the difficulty in
resolving the behavior of the “blocked layer”, and the evolution of surface roughness during the bed stabilization
process on a grain-scale level. A combined ABS-OBS (where ABS is an acoustic backscatter sensor) in the
flume channel may give considerable added insight into the processes of erosion and suspension in experiments
of thiskind (Green and Black 1999). Despite these shortcomings, our study shows clear evidence of the effect of
noncohesive fine particles on sand-bed stabilization, and provides possible explanations for our observations

which can guide future studies.

CONCLUSIONS and OUTLOOK

We designed two suites of experiments to investigate the influence of silt stabilization on a sand bed:
(1) the layering experiment, where a sandy bed was covered by a thin layer of silt of varying thickness, and (2)
the mixing experiment, where the bed was composed of sand mixed with small amounts of silt. All samples were
tested in an annular flume for their stability effects using incrementally increasing flow speeds up to 0.30 mv/s.
Our results show that a silt layer that was deposited on top of a sand bed stabilized the bed when the
concentration was less than 353 g/m?2, which corresponds to 1.4% silt (wt %). In contrast, a silt mixed sediment
bed was stabilized within a minimum concentration of 300 g/m3, i.e, 0.18% silt (wt %). Therefore, the
stabilization behavior is sensitive to how the silt is distributed within the bed. Furthermore, we could show that
much lower silt concentrations are required to stabilize a sand bed in comparison to studies on muddy cohesive
sediments. We suggest that the bed stabilization is controlled by the amount of silt which was filling the pore
space i.e., “pore-space blocking” of the sand bed and the influence of silt on bed roughness. The effect of pore-
space blocking could possibly be caused the development of a horizon of the “blocked layer” which blocked the
inflow into the sediment bed, maintained smooth surface conditions, and hence caused sediment stabilization.
However, more research on the stabilizing process of silt and sand compositions and establishment of the
“blocked layer” needs to be undertaken, especialy on micro scale level, which could be accomplished by high-
resolution, 3D numerical “flume tank” models adopting the general settings of the empirical experiments. For
example, two independent numerical simulation techniques can be coupled, using the finite-difference method

(FDM) and the distinct-element method (DEM) to simulate sediment transport processes on a grain-by-grain
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basis in aguatic environments. (e.g. Cundall and Hart 1989; Cundall and Strack 1979, 1983; Itasca 2004; and
Kock and Huhn 2007).

Given that the bed stabilization is highly sensitive to small silt concentrations, manipulating the layering
structure may be a useful tool for the dredging and sea-bed structure industry in order to stabilize dumped
sediment at the seafloor. Often when obtaining bed samples in the field (e.g., from grab samples or even short
cores), the surface structure is destroyed and even homogenized during sampling. If we were to take a surface
grab sample of 10 cm depth of a sediment bed and measure the composition of the disturbed sample (in which
the originad structure was destroyed) this minimum condition for stabilization in each case would correspond to
1.4% silt (wt %) for alayered sediment bed and 0.18% silt (wt %) for a mixed composition. An understanding of
the layering structure and its role in controlling sediment stabilization not only has engineering applications, but
many benthic fauna rely on the ability to access water-column nutrients and remove excreted material through
movement of water through pore spaces, and the pivotal role of silt in blocking this process highlights the danger
of natural and anthropogenically driven shifts to the particle size distribution of inputs of terrestrial sediment to

estuaries.
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FIGURE CAPTIONS

Fig. 1: Grain-size distribution of the extracted sand (Dsg, 235 um) and silt (Dsg, 55 pm) components.

Fig. 2: Schematic and photograph of the annular flume (Aquatic Research Centre, University of Waikato, New Zealand).

Fig. 3: A) Photos showing the results of one “low” (118 g/m?) and one “high” (941 g/m?) silt concentration run from the

layering experiments and B) one “low” (120 g/m?) and one “high” (1200 g/m3) run of the mixing experiments.

Fig. 4: Time series of the suspended-sediment concentrations (mg/l). A) Silt erosion during the layering experiment that
occurred following 11 incremental changes in flume flow speed up to 0.30 m/s. Note that the flow speed was increased from
0.20t0 0.25 m/s in one increment, all other increments were 0.025 m/s. The size colored lines correspond to pure sand, “low”
29, 118, and 235 g/m?, and “high” silt (353, 471, and 941 g/m?) concentrations. The initiation of sand erosion and silt erosion
is highlighted by dashed black lines. B) Silt erosion during the mixing experiment that occurred following 11 incremental
changesin flow speed up to 0.30 m/s. The initiation of sand erosion is highlighted by a dashed black line. Note that the flow

speed was increased from 0.20 to 0.25 m/s.

Fig. 5: Mean erosion rates (mg/m?/s) against bed shear stress (N/m?) calculated as the initial slope of the hyperbolic-tangent
fit to the observationsin Figure 4. A) Layering experiments (Experiment 1) B) Mixing experiments (Experiment 2). The
erosion behavior of pure silt and sand to silt is compared to layered sediment beds. Note that the flow speed was increased

from 20 to 25 cm/s. For further explanations, see text.

Fig. 6: Conceptual model of the stahilization process. Large, white particles represent sand, and small, black particles
correspond to silt. (A, B) silt deposited on top of a sand bed. A) The sediment bed was not stabilized, allowing inflow into the
sand bed due to “undersaturated” pore space. B) Stable case: the pore space was filled by silt, causing a blocked inflow
“blocked layer”. (C, D) silt mixed into a sand bed. C) The sediment bed was not stabilized, allowing inflow into the sand bed
due to “undersaturated” pore space. D) Stable case: the pore space was filled by silt throughout the whole sediment bed,

causing a blocked inflow “blocked layer”.
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A) Layering experiments

1A) Low silt (118 g/m?®) concentration run - 1B) Low silt (118 g/m?) concentration -
Initial stage

Final stage (0.30 m s™)

2A) High silt (941 g/m?) concentration run - 2B) High silt (941 g/m?) concentration run -
Initial stage Final stage (0.30 m s)

Sand bed

B) Mixing experiments

3A) Low silt (120 g/m®) concentration run - 3B) Low silt (120 g/m®) concentration run -
Initial stage

Final stage (0.30 m s)

Mixed bed

2.5 cm

4A) High silt (1200 g/m®) concentration run - 4B) High silt (1200 g/m®) concentration run -
Initial stage Final stage (0.30 m )
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Table 1. Overview of experiments

Duration Sediment type Silt Velocity range
[h:min] [mm] concentration [m/]

“1.The Layering Experiment”

Phase |

d o 04:00 Sand 0.03 Silt 0.0055 29, 118, 235, 353, 471, 941g/m? 0.025
leposition

Phase |1-erosion 02:45 Sand 0.03 Silt 0.0055 29, 118, 235, 353, 471, 941g/m2 0.025-0.300

“2. The Mixing Experiment”

Phase |

consolidation 12:00 Sand 0.03 Silt 0.0055 120, 300, 600, 1200 g/m? 0.000

Phase |1-erosion 02:45 Sand 0.03 Silt 0.0055 120, 300, 600, 1200 g/m? 0.025-0.300




Table 2: Overview of the sediment behavior derived from flume experiments

“1. The Layering Experiments’

Critica Critica Maximal Hydraulic
Silt concentration \?irogiil?/ ;’:rl(;g% erosion rate conductivity
[o/m?] [m/s] [m/s] [mg/mz/s] [m/s]
0.0 0.15 0.15 not measured 0.00064
0.3 0.15 0.15 185 0.00063
10 0.15 0.2 252 0.00064
2.0 0.15 0.25 561 0.00061
35 0.15 >0.30 533 0.00058
5.0 0.15 >0.30 1272 0.00056
9.5 0.15 >0.30 1196 0.00045
“2. The Mixing Experiments”
Critica Critical Maximal Hydraulic
Silt concentration \ﬁro;il?l ;/(;I'(gr% erosion rate conductivity
[g/m3] [m/g] [m/s] [mg/m¥/s] [m/g]
0 0.15 0.15 not measured 0.00064
120 0.15 0.15 605 0.00062
300 0.15 >0.30 321 0.00049
600 0.15 >0.30 190 0.00034
1200 0.15 >0.30 30 0.00019
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