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Abstract16

Mud forms the foundation of many coastal and tidal environments. Clay suspensions car-17

ried downstream from rivers encounter saline waters, which encourages aggregation and18

sedimentation by reducing electrostatic repulsion among particles. We perform exper-19

iments to examine the effects of surface charge on both the rate and style of sedimen-20

tation, using kaolinite particles as a model mud suspension and silica spheres with equiv-21

alent hydrodynamic radius as a control. Classic hindered settling theory reasonably de-22

scribes sedimentation rate for repulsive clay particles and silica spheres, which form a23

highly concentrated jamming front. The hindered settling description breaks down for24

attractive clay particles, which aggregate to form clay gels that consolidate like a soft25

solid. Water flow form fracture-like channels in the bulk of the gel, which disappear as26

gel enters a creep regime. Results may help toward understanding the effect of surface27

charge and particle shape on the sedimentation and erodibility of natural mud.28

Plain Language Summary29

When suspended sediment is transported from land to the ocean by river, the wa-30

ter surrounding the sediment particles changes from fresh to salty. This change creates31

increased interparticle attraction, leading sediment to aggregate and deposit. In contrast32

to ocean salinity, artificial fertilizers may contain different salts that have the opposite33

effect on interparticle forces, creating repulsion that suppresses aggregation. These chem-34

ical effects, and the way particles sink, are modulated by the shape of the sediment too.35

Here we perform experiments to examine these effects on sedimentation, using kaolin-36

ite particles as a model mud suspension and glass beads as a control. We see that how37

the particles sink is sensitive to chemistry: when they are repulsive a classic ‘hindered38

settling’ theory predicts their deposition well, and when attractive the particles link up39

in a network that behaves like a single structure that collapses under its own weight. The40

flow of water out of the structure—which we call a gel—as it collapses becomes local-41

ized into fracture-like channels that disappear as the deformation slows down and the42

gel gets denser. Our observations improve understanding of mud sedimentation, which43

is essential to predict how estuaries and coastal environments change.44

1 Introduction45

Silt and clay sized particles are well suspended in rivers. On approach to the ocean,55

however, where river currents slow down and begin to mix with saline waters, these par-56

ticles deposit to form mud. The screening of repulsive surface charges by dissolved salt57

ions facilitates clay aggregation (or flocculation), which greatly enhances sedimentation58

rates by increasing effective particle mass (Coussot & Piau, 1994; Winterwerp, 2002; White-59

house et al., 2013; Sutherland et al., 2015). This effect helps to build marsh platforms60

and river deltas, tidal channels and estuaries, and even the continental slope (Figure 1A).61

Clay aggregation also influences the deposition rate, and likely the runout, of muddy tur-62

bidity currents that deliver sediment from the continental shelf to deep marine environ-63

ments (Packman & Jerolmack, 2004). As sticky aggregates sink to the bottom of the wa-64

ter column and particle volume fraction φ increases, a curious transition occurs: clus-65

ters join to form one large interconnected network, and the suspension develops an ef-66

fective yield stress (Allain et al., 1995; Manley et al., 2005; Dankers & Winterwerp, 2007;67

Ali & Bandyopadhyay, 2016). Under continued sedimentation in a quiescent fluid, this68

“house of cards” structure eventually collapses to produce a consolidated mud deposit69

(Toorman & Berlamont, 1991; Dankers & Winterwerp, 2007; Bartlett et al., 2012; Teece70

et al., 2014). In the presence of shear, however, this “fluid mud” suspension may per-71

sist indefinitely in a quasi-stable state until some perturbation causes it to suddenly yield72

and flow (Traykovski et al., 2000; Heymann et al., 2002; McAnally et al., 2007; Mueller73

et al., 2010; Talling et al., 2012; Nie et al., 2020; Jerolmack & Daniels, 2019).74
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Figure 1. (A) Satellite image of the Mississippi River entering the Gulf of Mexico, showing

muddy coastal water (image courtesy of NASA Earth Observatory). (B) Experimental setup

used to study sedimentation. The image is analogous to the experiment of repulsive kaolinite

particles with volume fraction φ = 1.6%. (C)-(D) Morphology of the polydisperse silica spheres

and kaolinite clay particles, respectively. (E) Particle size distribution of the sieved kaolinite par-

ticles and the polydisperse silica microspheres model system. (F) Zeta potential (ζ) of kaolinite

particles and silica microspheres at various pH conditions. (G) Zeta potential (ζ) of kaolinite par-

ticles as a function of salt concentration, for sodium hexametaphosphate (NaPO3)6 and sodium

chloride NaCl.
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It is hypothesized that fluid muds are a kind of particulate gel (Coussot, 2017; Dankers75

& Winterwerp, 2007; Talling et al., 2012; Ali & Bandyopadhyay, 2016), in which perco-76

lated clusters of aggregates form a soft, metastable solid at much lower values of φ than77

is observed for repulsive particles. The stability of particulate gels depends on the strength78

of the interparticle bonds. In weak gels, the attractive potential at interparticle contact79

is estimated to be several times the value of kBT (where kB is Boltzmann’s constant and80

T is temperature); this results in a delayed collapse of the structure (Manley et al., 2005;81

Gopalakrishnan et al., 2006; Bartlett et al., 2012; Teece et al., 2014; Ali & Bandyopad-82

hyay, 2016). The delay time depends on different factors including the strength of the83

interparticle bonds, the particle geometry, and the volume fraction φ (Buscall et al., 2009).84

After the onset of collapse, channels form in the bulk of the gel due to an upward flow85

of the solvent as it drains (Allain et al., 1995; Derec et al., 2003; Buscall et al., 2009).86

Transient collapse of colloidal gels was first reported by Poon et. al. (1993), and has been87

studied in: depletion-induced gels (Starrs et al., 2002a; Bartlett et al., 2012; Teece et al.,88

2014); gels formed by van der Waals attraction (Allain et al., 1995; Manley et al., 2005;89

Buscall et al., 2009; Ali & Bandyopadhyay, 2016); and colloidal gels flocculated at their90

secondary minima (Bergström, 1992). For the most part, recent advances in the physics91

of colloidal gel formation and collapse have not yet made contact with geological/geotechnical92

investigations of mud, which use separate frameworks to model the consolidation behav-93

ior of saturated clays (Biot, 1941). Distinct regimes of clay gel stability and rheology may94
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be found within the range of salt concentrations encountered in nature; salt influences95

(i) the interfacial potentials, and (ii) strength of the interparticle bonds between clay par-96

ticles. Despite recent progress, the microscopic origins and mechanisms of transient col-97

lapse behavior in clay gels remain poorly understood. One important question is how98

surface charge and particle shape affect the sedimentation of clay particles.99

In this study we perform experiments to isolate the control of surface charge on both100

the rate and style of sedimentation of a model mud. We tune the surface potential of kaoli-101

nite clay suspensions using inorganic salts, driving them from a classic hindered settling102

regime to a particulate gel regime. We also examine particle shape effects, by compar-103

ing suspensions of clay and silica spheres having similar particle size distribution, sur-104

face charge and initial concentration. We find that repulsive kaolinite and silica spheres105

both form a jammed sedimentation front, but the former settles two orders of magni-106

tude slower than the latter. In contrast, aggregating kaolinite quickly forms a low-φ gel107

rather than a jamming front, characterized by a delayed collapse and formation of fracture-108

like flow channels in the bulk of the gel indicating the dissipation of excess pore pres-109

sure. Flow channels disappear with further densification of the gel as it enters a ”creep-110

ing” regime. We present a constitutive framework to describe the transitional behavior111

of the gel and show how it relates to the classic consolidation theory. Results illustrate112

the extreme sensitivity of fine-particle sedimentation to grain properties and solution chem-113

istry, which limits the generality of (site-specific) empirical equations for predicting mud114

deposition.115

2 Materials and Methods116

Experiments are performed using two different particle types: kaolinite clay par-117

ticles (particle density ρk = 2.61 g.cm−3), and polydisperse silica microspheres (par-118

ticle density ρs = 2.50 g.cm−3) with comparable size distributions and a modal size of119

approximately 7 µm (Figure 1-E). The zeta potential of kaolinite particles and silica spheres120

in water at pH = 7.0 ∓0.5 are approximately −30 mV and −50 mV , respectively (Fig-121

ure 1-F, Supplementary Text S1); sedimentation experiments are performed under pH ≈122

7 conditions. The data indicate that silica spheres are more repulsive than kaolinite par-123

ticles, which tend to aggregate in water. While particle size distributions, surface charge124

and particle densities are comparable, the particle morphology is not; SEM images show125

that silica particles are spherical, while kaolinite particles feature a plate-shaped geom-126

etry (Figure 1-C and D). Kaolinite particles are tactoids, stacks of single platelets joined127

together by hydrogen bonds; they typically have an average thickness ∼ 1 µm (Johnson128

& Kessler, 1969), or about 1/10 of the measured nominal diameter here. Fluid suspen-129

sions are prepared by dispersing kaolinite and silica spheres in deionized water at dif-130

ferent initial volume fractions, φ0. Adding ions in the suspending liquid results in alter-131

ation of the particles’ surface charges. Here we manipulate the zeta potential by adding132

two different salts: sodium chloride, NaCl, and sodium hexametaphosphate, (NaPO3)6,133

a known clay de-flocculant, to DI water (Fig. 1-G, Supplementary Text S1). The zeta134

potential for both suspensions is negative, so that a decrease in value corresponds to in-135

creased repulsion. We prepare a range of kaolinite suspensions using varying concentra-136

tions of (NaPO3)6, NaCl, and initial volume fraction, φ0 = 0.8% to 4.8%. For experi-137

ments with silica spheres we explore φ0 = 4.0 and 8.0%, but no salts are added. Sedi-138

mentation experiments are performed in a transparent cell described in Figure 1-B (Sup-139

plementary Text S2). The cell was then placed on the air table for sedimentation to be-140

gin. Images were analyzed to determine the volumetric concentration of the suspension141

throughout the cell, φ(z, t), the evolution of the sedimenting interface, h(t), and the ac-142

cumulation front that developed at the bottom of the cell hj(t). We focus in this paper143

on results from three different suspensions that illustrate the largest range of behaviors:144
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1. Silica-R: A silica-sphere suspension in deionized water that is relatively repul-145

sive.146

2. Kaolin-R: Kaolinite particles suspended with 10−3 mol.L−1 sodium hexametaphos-147

phate salt, that is relatively repulsive.148

3. Kaolin-A: Kaolinite particles suspended in deionized water and also with 10−3 mol.L−1
149

sodium chloride solution, that are relatively attractive.150

3 Results and Discussion151

3.1 Repulsive suspensions152

Figure 2 shows sedimentation of repulsive suspensions: silica-R with initial volume160

fraction φ0 = 8.0 % and kaolin-R with φ0 = 1.6 %. To quantify the sedimentation pro-161

cess, we plot the interface height z as a function of the normalized volume fraction φ(z)
φmax

162

for several time intervals over the duration of each experiment, where φmax is the sat-163

urated value of the jamming front; each experiment will yield its own φmax. We note that164

these suspensions, which have negligible aggregation, exhibit qualitatively similar behav-165

ior that is consistent with classic sedimentation: the falling particles form a sharp den-166

sity front, resulting from repulsive hydrodynamic interactions as concentration increases,167

that hinders settling compared to free-fall conditions (Kynch, 1952).168

As time progresses, sedimentation produces a diffuse front that travels downward.169

A clear supernatant forms on the top of the column, followed by a transitional phase of170

increasing concentration composed of particles with repulsive interactions. Lastly, a jam-171

ming front hj emerges at the base of the profile, where volume fraction reaches the sat-172

urated value φ = φmax due to deposition; this front migrates upward until the supply173

of sedimenting particles is exhausted. Similar behavior is seen for all suspensions in which174

ζ < −30 mV (Supplementary Table 1), consistent with the typically reported bound-175

ary between stable (non-aggregating) and unstable suspensions (Edzwald & O’Melia, 1975).176

The sigmoidal shape and translating nature of the concentration profiles are similar to177

previous measurements of thermal and athermal hard-sphere suspensions (Martin et al.,178

1994), where the width of the sedimentation front is determined by particle dispersiv-179

ity; this dispersivity results from long-range hydrodynamic interactions between multi-180

ple particles, and from thermal motions if colloids are small enough (Brzinski & Durian,181

2018). Despite similar sedimentation styles, rates of deposition are quite different between182

Silica-R (hours) and Kaolin-R (days) (Fig. 2-B). In the next section we fit a model to183

the diffusive fronts to understand this difference.184

3.1.1 Modeling sedimentation velocity185

For suspensions of repulsive particles, the sedimentation velocity of each particle186

depends on the position and velocity of the surrounding particles. This leads to a de-187

pendence of the sedimentation velocity vs on the local particle concentration, i.e., vs =188

vs(φ) with φ = φ(z, t) governed by an advection-diffusion equation:189

∂(φvs)

∂z
+
∂φ

∂t
=

∂

∂z

(
D
∂φ

∂z

)
(1)

If one assumes for analytical simplicity that the particle velocity depends linearly190

on concentration, i.e., vs(φ) = αφ+ β, and that the dispersion coefficient D does not191

depend on cell height, then the above-mentioned equation becomes a Burgers’ equation192

(Martin et al., 1994). The solution of this equation describes the evolution of the con-193

centration profile at a given time t and height z as follows:194

φ(z, t) =
φ0

2

[
1− erf

(
z − tVs√

4Dt

)]
(2)
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Figure 2. (A), (B) Sedimentation profiles φ(z)
φmax

, shown at intervals of time marked in legend

along the sedimentation height z for Silica-R (φ0=8%) and Kaolin-R (φ0=1.6%) suspensions,

respectively. The dashed lines in profiles A and B are curve fits obtained with equation 2, with

D and Vs as fitting parameters. We find D = 4 × 10−5m2.s−1 and Vs = 6 × 10−5m.s−1 for the

silica spheres suspension and D = 1.9 × 10−2m2.s−1 and Vs = 5.5 × 10−7m.s−1 for the repul-

sive kaolinite suspension. (C) Normalized sedimentation front height (h/H0) and jamming front

height (hj/H0) against time for both repulsive suspensions.
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where erf is the error function and Vs is the velocity of the sedimentation front. The so-195

lution to this equation, with a constant dispersion coefficient D, adequately describes196

the sedimentation profile for the strongly repulsive suspensions (i.e., Silica-R and Kaolin-197

R) in the middle period of the experiment — i.e., far from the initially uniform condi-198

tion and the jamming front formation (Fig. 2-A and B). For Silica-R, we find Vs ≈ 6×199

10−5 m s−1 by fitting this model, which is close to the terminal velocity of a solid sphere200

of diameter 10 µm determined from the Stokes settling equation, vs = 2/9×∆ρgr2/µ201

where r is the particle radius, µ is the fluid viscosity, g is the gravity acceleration and202

∆ρ is the density difference between silica and water (i.e., ∆ρ = 1.50 g.cm−3). The fit-203

ted dispersion coefficient D ≈ 4× 10−5 m2s−1 is orders of magnitude larger than the204

thermal diffusivity for a sphere of diameter 10 µm determined from the Stokes-Einstein205

equation DT = kBT/(6πµr). This result is expected, at least qualitatively, since hy-206
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drodynamic interactions between particles are known to lead to hindering settling (e.g.,207

Brzinski & Durian, 2018; Guazzelli et al., 2011).208

For Kaolin-R suspension, the model fit produces Vs = 5.5 × 10−7m.s−1, 25.09209

hours after sedimentation begins. The fitted value D = 1.9 × 10−2m2.s−1 shows that210

dispersion of repulsive kaolinite particles is three orders of magnitude larger than that211

of silica spheres. Part of this difference may be accounted for by (Brownian or thermal)212

diffusivity, which is larger for kaolinite plates due to their smaller mass. Thermal effects213

cannot, however, explain all of this discrepancy; it is likely that hydrodynamic differences214

arising from shape-dependent lubrication effects are playing a role (e.g., Le Roux, 2004;215

Chong et al., 1979).216

3.2 Attractive suspensions217

The sedimentation pattern for Kaolin-A suspension — the least repulsive clay sus-218

pension — is distinct from the others, presumably due to aggregation (Fig. 3-A). Although219

both kaolinite suspensions have the same initial volume fraction (φ0= 1.6 %), Kaolin-220

A immediately forms a sharp front with a uniformly low concentration profile beneath221

it. This uniform φ suspension gradually compacts through time. Particles (at φ = φ0)222

rapidly aggregate to form one large attractive cluster or gel which exhibits solid-like prop-223

erties at concentrations much below the jamming limit.224

The evolution of the interface of the sedimenting Kaolin-A suspensions (3-B) shows232

two distinct regimes: a delayed collapse or consolidation regime associated with an up-233

ward drainage of water from the gelled deposit (i.e., transient condition), followed by a234

creeping regime associated with gradual and steady densification of a stable deposit. The235

delay time τd is estimated from the crossover between the horizontal and the initial slope236

of the consolidation phase. Prior to collapse, the gravitational forces resulted from the237

gel weight are entirely transferred to the interstitial fluid (here water) with negligible com-238

pressibility (with bulk modulus, Kw=2.29 GPa). This process results in an immediate239

increase of the pore fluid pressure. A close view of the gel (Fig. 3-C) shows formation240

of evolving channels that provide a pathway for dissipation of the pore pressure through241

upward flow of water. The channels emerge in the lower regions of the bulk and reach242

the surface as the gel consolidates over time. As this upward flow erodes the channels243

and transports fine clay particles, volcano-like patterns form at the gel interface. The244

flow channels then vanish when the gel further consolidates, as sedimentation enters the245

creeping regime. We note that the delay time is slightly increased due to NaCl salt for246

the same initial volume fraction (Fig. 3-B). The addition of salt increases the interpar-247

ticle attractive forces (e.g., Ali & Bandyopadhyay, 2016), and thus the strength of the248

aggregates against the disrupting flow induced by the excess pore pressure (which is pre-249

sumably the same in both experiments).250

3.2.1 General formulation251

The behavior of Kaolin-A suspensions cannot be described by the classic advection-252

diffusion Eq. 2. The sharp, but low concentration, upper front exhibits virtually no dis-253

persion. As discussed, prior to collapse the gel weight is supported by water. In the ini-254

tial phase of the collapse, the gel exhibits an elastic deformation due to its own weight.255

As the gel structure deforms, water must be drained through the pore channels to al-256

low further compression of the matrix. The weight of the gel exerts water pressure u lead-257

ing it to flow at a velocity vw within the gel, causing a local displacement of the solid258

particles’ location, w(z, t), with a particle velocity defined here as vs = ∂w
∂t . Using Darcy’s259

law for the water flow within the porous gel we have:260

(1− φ)(vw − vs) = −k
µ

∂u

∂z
(3)
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Figure 3. (A) Sedimentation profile φ(z)
φmax

, shown at intervals of time marked in legend along

the sedimentation height z for attractive kaolinite (Kaolin-A) suspension (φ0=1.6%). (B) Nor-

malized height of the sedimenting gel interface against time for Kaolin-A suspensions with same

φ0 = 1.6% and different ζ potentials, demonstrating the effect of surface charge on the collapse

transition time τd. (C) Emerging flow channels due to upward flow of water from the bulk of the

kaolinite gel, indicating the onset of consolidation and dissipation of the excess pore water. The

channels vanish as sedimentation enters the creeping regime.
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where u is the interstitial or pore water pressure, k is the permeability of the gel, and261

µ is the water viscosity. The continuity equation for the water and solid phase results262

in:263

(1− φ)
∂vw
∂z

+ φ
∂vs
∂z

= 0 (4)

Partial derivation of Equation 3 with respect to z, combining that with Equation264

4 and further rearrangement results in:265

∂2u

∂z2
− µ

k

∂vs
∂z

+
1

k

∂k

∂z

∂u

∂z
= 0 (5)

On the other hand, for a poroelastic gel with elastic modulus E, the following con-266

stitutive equation can be established:267

∂vs
∂z

= −∂εz
∂t

= − 1

E

∂σ′

∂t
(6)

where εz is the solid strain in z direction, and σ′ is the so called effective stress or the268

stress transferred by solid particles. For a fully saturated medium (such as the clay gel269
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here), the effective stress is defined as σ′ = σ−u, where σ is the total stress including270

the total weight of the gel and any externally applied load on its structure, if present.271

Combining Equations 5 and 6, we have:272

∂2u

∂z2
+

µ

kE
(
∂σ

∂t
− ∂u

∂t
) +

1

k

∂k

∂z

∂u

∂z
= 0 (7)

which leads us to a general equation describing the sedimentation and consolidation be-273

havior of a saturated gel under a total stress of σ.274

3.2.2 Link to classic consolidation theory275

For a consolidating gel with a constant external stress over time (i.e., ∂σ
∂t = 0) and276

assuming that E and k are constant within the range of applied stresses, Equation 7 can277

be simplified to a diffusion equation:278

∂u

∂t
− cv

∂2u

∂z2
= 0 (8)

where cv = kE
µ is termed as the coefficient of consolidation indicating the rate at which279

a saturated clay undergoes one-dimensional consolidation when subject to an increase280

in mechanical stress σ. For non-swelling clays such as kaolinite and illite, cv increases281

with an increase in mechanical stress (Robinson & Allam, 1998). This equation, which282

signifies diffusion of the excess pore pressure in a soil layer, is referred to as the “1-D con-283

solidation equation” in geotechnical engineering (Terzaghi, 1925; Biot, 1941). Natural284

depositions in rivers or seas usually involve self-weight sedimentation known as “intrin-285

sic consolidation” (Burland, 1990). During sedimentation, initially weak clay gels con-286

solidate to evolve into a stronger, more stable gel that creeps over time. In response to287

an externally applied mechanical stress, however, excess pore fluid pressure builds up —288

again leading the gel to undergo further consolidation to achieve stability. Such excess289

pore pressure can be also generated by increasing temperature or ionic strength, known290

as “chemical” or “thermal” consolidation (e.g., Kaczmarek & Hueckel, 1998).291

3.2.3 Modeling kaolinite gel behavior292

In our experiments, φ << 1 − φ, and thus Equation 4 implies that vw ≈ 0. At293

t=0, the clay gel deformation and thus the effective stress is negligible (i.e., σ ≈ u) so294

that ∂u/∂z = −∆ρgφ. According to Equation 3, permeability of the gel at the initial295

stage of the collapse can be formulated as k0 = − µ
∆ρgφvs. We measure the initial ve-296

locity of the collapsing interface of the kaolinite gel (∂w/∂t) at different φ0 to estimate297

the initial permeability. Manley et al (2005) proposed a scaling relation for the perme-298

ability of colloidal gels assuming that the characteristic pore size is controlled by the clus-299

ter size, thus k0 ∼ a2

φ2/(3−df ) , where df is the fractal dimension (df ≈ 2) (Dinsmore et300

al., 2006). We plot previously published dimensionless permeability data for various col-301

loidal gels formed by attractive spheres of radius a (Fig. 4-A). In addition, we plot data302

reported by Pane and Schiffman (1997) on an attractive kaolinite clay (with 80% of the303

particles smaller than 2 µm diameter) at relatively high NaCl concentration (0.39 mol/L).304

Considering the plate-like morphology of kaolinite particles, we plot the scaled perme-305

ability for our experiments considering both the thickness (d ∼ 1µm) and width (d ∼306

10µm) of a typical kaolinite tactoid. Using tactoid thickness as the relevant particle di-307

ameter, we find that the scaled permeability of our kaolinite gels are consistent with all308

data, which follow the curve predicted by Manley et al. (2005) (Fig. 4-A). If instead we309

choose particle width (rather than thickness) for Kaolin-A experiments, permeability val-310

ues are underestimated and are closer to the prediction of the semiempirical Carmen-311

Kozeny relation (Carman, 1956).312

For a short time after the test begins (i.e., t < τd), the gel’s weight is supported313

by the water pressure, while at long time (i.e., during the creeping regime) it is balanced314
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by the gel’s elasticity. Both play a role during the consolidation phase, as the excess pore315

pressure dissipates. Considering that σ = σ′ + u is valid at any time, Equation 6 will316

result in the following constitutive relationship:317

σ = E
∂w

∂z
− (1− φ)u (9)

The total stress gradient is balanced by gravity so that ∂σ/∂z = −∆ρgφ. The initial318

and boundary conditions with respect to our sedimentation column can be written as319

w(z, 0) = 0, w(0, t) = ∂u
∂z = 0. Furthermore, at z = h(t), u = E ∂w

∂z = 0 due to the320

free surface condition at the upper boundary of the column (see Figure 1-B). For these321

initial and boundary conditions, Equations 3, 4, and 9 can be solved for h(z, t) using sep-322

aration of variables:323

h0 − h(t) = ∆h(1− e−t/τ ) (10)

where the total change of the height is ∆h =
∆ρgφh2

0

2E , and the time scale for the con-324

solidation is τ =
4µ(1−φ)h2

0

π2k0E
(Manley et al., 2005). Experimental results and the model325

performance are presented in Figure 4-B and C in terms of the variation of the sediment-326

ing interface versus time at various initial volume fractions. We find that the dynam-327

ics of all gels are well described by the model, despite the range of consolidation timescales328

spanning two orders of magnitude. This is illustrated by the data collapse in Figure 4-329

C using the non-dimensional form of Equation 10, where ĥ = (h0 − h)/∆h and t̂ =330

t/τ . By introducing a weak concentration of NaCl in solution at low-φ, we find that the331

delay time for gel collapse increases by an order of magnitude but the gel elasticity and332

permeability (and therefore dynamics) barely change.333

4 Conclusions341

It is well known that sedimentation of natural mud and kaolinite suspensions de-342

viates from classic hard-sphere behavior due to aggregation. Our experiments are con-343

sistent with previous observations in this regard. We go one step further, however, by344

showing how manipulation of surface charge may drive kaolinite clay from an attractive345

to repulsive suspension, recovering many aspects of classical sedimentation behavior. Al-346

though the transition is likely gradual, it appears that a zeta potential value of ζ ≈ −30347

mV separates attractive from repulsive behavior for kaolinite in water in our experiments.348

Kaolinite suspended in de-ionized water exhibits significant aggregation, which is grad-349

ually enhanced through the addition of NaCl and the associated increase in zeta poten-350

tial. The addition of (NaPO3)6, sharply lowers zeta potential and suppresses aggrega-351

tion entirely. Repulsive suspensions of silica spheres and kaolinite exhibit qualitatively352

similar dynamics; in particular, the formation of a diffuse sigmoidal concentration pro-353

file, and sedimentation dynamics that are broadly consistent with classical hindered set-354

tling. Kaolinite sedimentation rates, however, are two orders of magnitude slower than355

silica spheres having similar diameter and zeta potential. The difference in average sed-356

imentation rates of the respective fronts can be explained by the influence of mass and357

shape on the fall velocity of individual particles. The substantially larger dispersion co-358

efficient for kaolinite (three orders of magnitude), however, hints at more complex shape359

effects. Recent research has demonstrated that lubrication effects are of paramount im-360

portance in determining sedimentation rates of dense suspensions (Brzinski & Durian,361

2018), and it is expected that changes in shape will strongly influence lubrication forces362

(Chong et al., 1979). We postulate that the plate-like shape of kaolinite particles is en-363

hancing lubrication and dispersion, perhaps somehow associated with alignment of par-364

ticles through hydrodynamic interactions (Chong et al., 1979; Le Roux, 2004). Sedimen-365

tation kinematics indicate that kaolinite plates are aligned with their long axis orthog-366

onal to the settling (vertical) direction. Future work that includes direct microscopic ob-367

servation would provide valuable insight on the coupled roles of shape and lubrication.368
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Figure 4. (A) Scaled permeability of the gel’s elastic network estimated from the velocity of

the collapsing interface at initial stage of compression for various colloidal gels including: silica

spheres of diameters 20 and 50 nm (Manley et al., 2005), calcium carbonate of diameter 70 nm

(Allain et al., 1995), PMMA spheres of diameter 0.37 µm (Starrs et al., 2002b), and kaolinite

particles assuming the thickness (d ∼ 1µm) of a typical kaolinite tactoid. (B) Experimental

results showing the variation of the gel’s interface over time for various initial volume fractions

and the proposed model. (C) Experimental results collapsed on a master model.

334

335

336

337

338

339

340

Attractive kaolinite suspensions appear to immediately form large aggregated clus-369

ters even at fairly low concentrations (φ0 < 2%), which display characteristics of a soft370

solid. Kaolinite suspensions exhibit similar dynamics to colloidal gels formed by distinctly371

different surface interactions (Starrs et al., 2002a), suggesting that recent progress in the372

formation and rheology of idealized gels may be transferable to natural mud suspensions373

(Jerolmack & Daniels, 2019). The evolution of the sedimenting interface in clay gel in-374

dicates two distinct regimes of transitional collapse or consolidation, associated with dis-375

sipation of the excess interstitial fluid pressure followed by a creep regime associated with376

mechanical densification of the deposit. The consolidation regime is characterized by for-377

mation of flow channels in the bulk of the gel. These channel patterns are an interest-378

ing mesoscale feature of the transient collapse process; they indicate a kind of fractur-379

ing of the bulk that focuses drainage, yet they do not disrupt the applicability of a con-380

tinuum macroscopic framework (as driven in this paper). These drainage features ap-381

pear similar to pipes and fluid-escape structures that commonly form in soft sediment382

deposits (Nocita, 1988; Owen et al., 2011; Wheatley & Chan, 2018). Understanding the383

conditions that lead to their formation may aid in interpreting the significance of these384

features in the rock record.385
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A major challenge is that sedimentation dynamics appear to be exquisitively sen-386

sitive to surface charge and particle shape effects. Linking the mechanics of grain-scale387

particle-particle and particle-fluid interactions — such as friction, lubrication and cohe-388

sion — to bulk rheology is essential to make progress toward more predictive (rather than389

empirical) models for sedimentation and flow of mud suspensions (Bonn et al., 2017; Basu390

et al., 2014). These findings have consequences for the sedimentation and erosion of de-391

posits in natural environments, as the presence of salt is ubiquitous. The increased NaCl392

concentration of seawater relative to freshwater is a major contributor to aggregation and393

sedimentation of mud in estuaries and coastal environments (Winterwerp, 2002). Some394

artificial fertilizers, however, contain salts that are functionally similar to sodium hex-395

ametaphosphate (Litke, 1999), which would act to suppress aggregation. The kaolinite396

gels formed in the laboratory under pure sedimentation known as ”intrinsic consolida-397

tion” are fragile solids that eventually consolidate. We hypothesize that gentle hydro-398

dynamic shearing may be sufficient to prevent this collapse, and maintain a meta-stable399

gel that corresponds to fluid muds observed in many natural settings (Parsons et al., 2001).400

Experiments that introduce such a shear (Nie et al., 2020), while obtaining spatially-resolved401

maps of concentration, strain and structure within the gel, are a next logical step.402
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Introduction

This supplementary information presents the detailed information on the material prop-

erties and experimental techniques used in this research along with results for the full

range of experiments that we conducted, covering a spectrum of particle volume fractions
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φ and electrostatic potential values ζ. Table 1 lists all experiments analyzed, and their

associated supplementary figures and movies. Kaolinite clay suspensions were prepared

with initial volume fractions in the range 0.4− 4.8%. The value φ0 = 4.8% represents the

maximum volume fraction we could explore for kaolinite, since the clay front barely settles

during the experiment. The lower bound φ0 = 0.4% is determined by our detection limit,

where the background intensity of images sets a noise floor. For glass beads, the minimum

volume fraction is somewhere between φ0 = 4% and φ0 = 2%; below this limit, we cannot

determine a visible jamming front. The upper limit examined here was φ0 = 13%; above

this value, phase separation of fluid and particles was exceedingly rapid precluding image

analysis. Note that three representative experiments, that showcase the range of behav-

iors we found in our experiments, were chosen for presentation in the main text. Text

S1. provides details on characterization of the sedimenting particles and preparation of

sediments. Text S2. provides information on the experimental setup and image analysis.

Text S1.

Kaolinite clay particles (Sigma-Aldrich, MO, USA), and polydisperse silica microspheres

(Corpuscular Inc., NY, USA) were used in this study. Particle densities of kaolinite and

silica particles were measured using pycnometer (ASTM D854) to be 2.61 g.cm−3, and

2.50 g.cm−3, respectively. Suspensions were made by slowly dispersing kaolinite and sil-

ica spheres in deionized water at different initial volume fractions (φ0), followed by 5

min of sonication and then leaving them overnight. To minimize the difference in par-

ticle size distribution of natural kaolinite particles and silica spheres, we wet-sieved the

source kaolinite material suspensions to filter out particles larger than 20 µm. Particle
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size distributions of the sieved kaolinite particles and polydisperse silica microspheres

were evaluated using a laser diffraction particle size analyzer that determines the radius

of gyration and is equipped with an ultrasonic system to ensure particle dispersion dur-

ing measurements (Beckman Coulter, CA, USA). The surface charge properties of the

suspended particles were estimated from zeta potential measurements (ZetaPlus instru-

ment, Brookhaven, USA) of dilute suspensions (15 to 20 ppm) under room temperature

(25.0±2◦C). In colloidal suspensions, the magnitude of the zeta potential (ζ) indicates

the charge difference between the particle surface and the liquid medium, and quantifies

the degree of electrostatic repulsion between particles. We tested the sensitivity of zeta

potential for kaolinite particles and silica spheres to changes in pH (Fig.1-F), where pH

was adjusted by dropwise addition of HCl or KOH solutions. At lower pH (∼ 4), the

measurements converge to about -20 mV for both materials.

The relative attractive nature of the kaolinite suspension can be explained by opposite

surface and edge charges of particles or the presence of free cations. The substitution of

Al3+ for Si4+ in the silica sheet, or a divalent ion for Al3+ in the octahedral sheet of a

kaolinite crystal structure, results in a net negative surface charge for kaolinite particles

in suspension. On the other hand, the broken bonds around particle edges result in un-

satisfied charges that are balanced by adsorbed cations. As a result, kaolinite particles

are positively charged on their edges (Mitchell & Soga, 2005) even if they are nega-

tively charged overall, facilitating aggregation. Sodium ions increase the zeta potential

by screening the double-layer, increasing inter-particle attraction (Pauchard et al., 1999).

Increasing the concentration of sodium hexametaphosphate, however, leads to a decrease
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in zeta potential and an increase in inter-particle repulsion. In this case, the polymeric

phosphates groups establish strong inner-sphere bonds with silica sheets of kaolinite par-

ticle surfaces, inducing a large negative charge (Kretzschmar et al., 1997; Goldberg &

Sposito, 1985).

Text S2.

The cell is made by assembling laser-cut acrylic sheets. A Nikon D5000 digital camera

was used to acquire images (in transmission) at specific times using an external triggering

mechanism; two circular polarizers were used to enhance contrast. The entire setup was

placed on an air table in order to isolate unwanted external vibrations. Because some

experiments can last more than 4 × 105 seconds (over 100 hours), pictures of the setup

were taken at increasing time intervals: the first 40 images were taken with a 5-s time

interval, and subsequent images were taken with an interval of n/8 where n the image

number. To estimate particle volume fraction along the height h of the cell, we used

image analysis methods to obtain the variations in image intensity I(x, h) throughout the

sample; local values of I(x, h) reflect the amount of light transmitted through the sam-

ple. We selected image intensity profiles as a function of height from the middle of the

cell, far from the boundaries of the wall to avoid image aberrations. This allowed us to

compute the volumetric concentration profile φ(z), and all derivative quantities, for each

image. Experiments were performed by filling the cell with suspensions at different initial

volume fraction φ0. The cell was manually shaken several times to ensure that initially

the suspension was uniform throughout the cell. Air bubbles that rise to the top were

removed from the cell to eliminate the effects of air-water menisci.
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Table S1. List of all the experiments performed. ”Jamming front presence” indicates

whether a sharp front of upward-migrating sediment deposition occurred or not. This

table serves as a key for the supplementary figures and movies that follow.

Sediment type φ0 ζ (mV ) Figure name Video name Jamming front presence

Kaolinite 0.4% -30 Figure S1-A Movie S1 No

Kaolinite 0.8% -30 Figure S1-B Movie S2 No

Kaolinite 2.4% -30 Figure S1-C Movie S3 No

Kaolinite 3.2% -30 Figure S1-D Movie S4 No

Kaolinite 1.6% -30 Figure 3 (main text) Movie S5 No

Kaolinite 4.0% -30 Figure S1-E Movie S6 No

Kaolinite 4.8% -30 Figure S1-F Movie S7 No

Kaolinite 1.6% -50 Figure 2 (main text) Movie S8 Yes

Kaolinite 1.6% -15 Figure S2-A Movie S9 Yes

Kaolinite 4.8% -50 Figure S2-B Movie S10 No

Glass beads 4% -40 Figure S3-A Movie S11 Yes

Glass beads 8% -40 Figure 2 (main text) Movie S12 Yes

Glass beads 13% -40 Figure S3-B Movie S13 Yes

Glass beads 2% -40 N/A Movie S14 Yes
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Figure S1. Sedimentation profile of attractive kaolinite clay (Kaolin-A) at various initial

volume fractions (A)φ0 = 0.4%, (B)φ0 = 0.8%, (C)φ0 = 2.4%, (D)φ0 = 3.2%, (E)φ0 = 4.0%,

(F)φ0 = 4.8%.
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Figure S2. (A) Sedimentation profile of repulsive kaolinite clay (Kaolin-R) with sodium hex-

ametaphosphate ((NaPO3)6) solution at 10−3mol.L−1 for φ0 = 4.8%. (B) Sedimentation profile

of attractive kaolinite clay (Kaolin-A) with sodium chloride (NaCl) solution at 2.10−3mol.L−1

for φ0 = 1.6%.

Figure S3. Sedimentation profile of repulsive silica particles (Silica-R) for (A) φ0=4.0% and

(B) φ0=13%.
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Movie S1

Sedimentation of kaolinite clay in pure water with 1mmol.L−1 NaP2O5 at φ0 = 0.4%. It is

very difficult to observe sedimentation in this experiment.

Movie S2

Sedimentation of kaolinite clay in water at φ0 = 0.8%. A diffuse front seems to form in the

beginning, followed by a gelled phase. It would seem that flocculation/gelification occurs during

this experiment.

Movie S3

Sedimentation of kaolinite clay in water at φ0 = 2.4%. Fractures can be observed in the gelled

clay followed by a rapid collapse.

Movie S4

Sedimentation of kaolinite clay in water at φ0 = 3.2%. Fractures can be observed in the gelled

clay followed by a rapid collapse.

Movie S5

Sedimentation of kaolinite clay in water at φ0 = 1.6%. Fractures can be observed in the gelled

clay followed by a rapid collapse.

Movie S6

Sedimentation of kaolinite clay in water at φ0 = 4.0%. Fractures can be observed in the gelled

clay followed by a rapid collapse.
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Movie S7

Sedimentation of kaolinite clay in water at φ0 = 4.8%. Fractures can be observed in the gelled

clay.

Movie S8

Sedimentation of kaolinite clay in water with 1mmol.L−1 NaP2O5 at φ0 = 1.6%. The intro-

duction of NaP2O5 created a suspension of repulsive particles, resulting in a diffuse sedimenting

front and a jammed front of particles accumulating at the bottom.

Movie S9

Sedimentation of kaolinite clay in water with 2mmol.L−1 NaCl at φ0 = 1.6%. The introduction

of NaCl made the kaolinite particles more attractive, resulting in a very similar experiment, only

10% faster.

Movie S10

Sedimentation of kaolinite clay in water with 1mmol.L−1 NaP2O5 at φ0 = 4.8%. The intro-

duction of NaP2O5 created a suspension of repulsive particles resulting in a diffuse sedimenting

front and a jammed front of particles accumulating at the bottom.

Movie S11

Sedimentation of glass beads in water at φ0 = 4.0%. Aside from the large poydispersity of

the beads, the sedimentation behavior observed corresponds to the Burgers’ equation. behavior

observed corresponds to the Burgers’ equation.
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Movie S12

Sedimentation of glass beads in water at φ0 = 8%. Aside from the large poydispersity of the

beads, the sedimentation behavior observed corresponds to the Burgers’ equation.

Movie S13

Sedimentation of glass beads in water at φ0 = 13%. Aside from the large poydispersity of the

beads, the sedimentation

Movie S14

Sedimentation of glass beads in water at φ0 = 2%. The very small amount of particles makes

accurate measurements impossible. However a jamming front at the bottom can be observed.
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