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ABSTRACT 21 

The present knowledge of cohesive clay-laden sediment gravity flows (SGFs) and their deposits is 22 

limited, despite clay being one of the most abundant sediment types on earth and subaqueous SGFs 23 

transporting large volumes of sediment into the ocean. Lock-exchange experiments were conducted 24 

to contrast SGFs laden with non-cohesive silica flour, weakly cohesive kaolinite, and strongly 25 

cohesive bentonite in terms of flow behavior, head velocity, run-out distance, and deposit geometry 26 

across a wide range of suspended sediment concentrations.  27 

The three sediment types shared similar trends in the types of flows they developed, the maximum 28 

head velocity of the flows, and the deposit shape. As suspended sediment concentration was 29 

increased, the flow type changed from low-density turbidity current (LDTC) via high-density turbidity 30 

current (HDTC) and mud flow to slide. As a function of increasing flow density the maximum head 31 

velocity of LDTCs and relatively dilute HDTCs increased, whereas the maximum head velocity of the 32 

mud flows, slides, and relatively dense HDTCs decreased. The increase in maximum head velocity 33 

was driven by turbulent support of the suspended sediment and the density difference between the 34 

flow and the ambient fluid. The decrease in maximum head velocity comprised attenuation of 35 

turbulence by grain-to-grain frictional forces within the silica flour flows and by pervasive cohesive 36 

forces within the kaolinite and bentonite flows. The silica flour flows changed from turbulence-37 

driven to friction-driven at a volumetric concentration of 47% and a maximum head velocity of 0.75 38 

m s−1; the thresholds between turbulence-driven to cohesion-driven flow for kaolinite and bentonite 39 

were 22% and 0.50 m s−1, and 16% and 0.37 m s−1, respectively. The HDTCs produced deposits that 40 

were wedge-shaped with a block-shaped downflow extension, the mud flows produced wedge-41 

shaped deposits with partly or fully detached outrunner blocks, and the slides produced wedge-42 

shaped deposits without extension. For the mud flows, slides, and most HDTCs, an increasingly 43 

higher concentration was needed to produce similar maximum head velocities and run-out distances 44 

for flows carrying bentonite, kaolinite and silica flour, respectively. The strongly cohesive bentonite 45 

flows were able to create a stronger network of particle bonds than the weakly cohesive kaolinite 46 

flows of similar concentration. The silica flour flows remained mobile up to an extremely high 47 

concentration of 52%, and frictional forces were only able to counteract the excess density of the 48 

flows, and attenuate the turbulence within these flows, at concentrations above 47%.  49 

Dimensional analysis of the experimental data shows that the yield stress of the pre-failure 50 

suspension can be used to predict the run-out distance and the dimensionless head velocity of the 51 

SGFs, independent of clay type. Extrapolation to the natural environment suggests that high-density 52 

SGFs laden with weakly cohesive clay reach a greater distance from their origin than flows that carry 53 
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strongly cohesive clay at a similar suspended sediment concentration, whilst equivalent fine-grained, 54 

non-cohesive SGFs travel the furthest. The contrasting behavior of fine-grained SGFs laden with 55 

different clay minerals may extend to differences in architecture of large-scale sediment bodies 56 

within deep marine systems.  57 
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INTRODUCTION 58 

Sediment gravity flows (SGF) are produced when gravity acts on the density difference between two 59 

fluids, and the excess density is provided by suspended sediment (Middleton and Hampton 1973; 60 

Kneller and Buckee 2000). Subaqueous SGFs are volumetrically one of the most important sediment 61 

transport processes on our planet, providing large quantities of sediment to lakes, seas and oceans 62 

(e.g., Kneller and Buckee 2000; Talling et al. 2015). As a result of their unpredictability and often 63 

large magnitude, SGFs can pose a significant threat to engineering works in deep water, such as 64 

drilling rigs and communication cables (Baas 2005). The deposits of these flows produce submarine 65 

fans, which are amongst the largest sedimentary bodies on Earth, and store the world’s greatest 66 

reserves of oil and gas (Middleton 1993; Kneller and Buckee 2000; Baas 2005; Keevil et al. 2006). 67 

Much of what is known about SGFs originates from investigations in laboratory flumes (e.g., Sumner 68 

et al. 2009; de Leeuw et al. 2016), where controlled experiments provide a powerful method for 69 

understanding the flow dynamics. These laboratory studies complement descriptive core and 70 

outcrop studies, and state-of-the-art direct monitoring (Xu 2011; Sumner and Paull 2014; Xu et al. 71 

2014). The majority of laboratory experiments have focused on sand-rich, non-cohesive, SGFs (e.g., 72 

Kuenen 1951; Parker et al. 1987; Middleton and Neal 1989; Baas et al. 2005), despite the fact that 73 

cohesive mud, made up of silt- and clay-sized particles, is the most abundant sediment type on the 74 

Earth surface (Hillier 1995; Healy et al. 2002; Schindler et al. 2015). It is therefore likely that mud is 75 

common within SGFs in the natural environment. Many examples of muddy, cohesive, SGFs exist in 76 

the modern environment, such as at the mouth of the Zaire river in west-central Africa (Heezen et al. 77 

1964; van Weering and van Ipereren 1984; Droz et al. 2003), and in the ancient environment, such as 78 

in the Cretaceous Britannia Sandstone Member, North Sea (Barker et al. 2008), and in the Silurian 79 

Aberystwyth Grits of Cardigan Bay, Wales (Wilson et al. 1992; Talling et al. 2004).  80 

Cohesive SGFs are more complex than their non-cohesive counterparts, because of the unique 81 

ability of suspended clay minerals to form flocs and gels (Winterwerp and van Kesteren 2004). Flocs 82 

are aggregates composed of clay particles that bind together when the attractive Van der Waals 83 

forces outcompete repulsive forces between the negatively charged surface of clay particles, often 84 

aided by the presence of positively charged ions in the water (Winterwerp and van Kesteren 2004). 85 

The presence of flocs within the flow increases the viscosity and yield stress of the flow and may 86 

thus affect the turbulence driving the flow (Baas and Best 2002). The amount of flocculation and the 87 

size of the flocs generally increase as the bulk suspended clay concentration increases (Baas et al. 88 

2009). Eventually, a “gelling” point may be reached at high clay concentration, which is characterized 89 

by the formation of a volume-filling network of particle bonds in the liquid (Blackbourn and 90 

Thompson, 2000; Low and Guy, 2000; Baas et al. 2009). A stable gel of linked clay minerals may be 91 
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viscous enough to cause the total suppression of turbulence within the flow. Conversely, the 92 

electrostatic bonds between the clay particles can be broken in regions of high shear. Thus, an 93 

increase in turbulence generation within the flows by, for example, an increasing slope gradient has 94 

the potential to break up bonds between clay particles, and reduce the flow viscosity and yield 95 

stress. This constantly shifting balance between turbulent and cohesive forces regulates the dynamic 96 

structure of cohesive SGFs (Baas et al. 2009).  97 

The cohesive forces within a clay flow, and hence its rheology, have been shown to change with clay 98 

concentration (Baas and Best 2002; Felix and Peakall 2006; Baas et al. 2009; Sumner et al. 2009), but 99 

the type of clay mineral can also change the cohesive properties of the flow (Marr et al. 2001; Baas 100 

et al. 2016). Different clay minerals have different shapes, sizes, layer charges, cation exchange 101 

capacities (CEC), edge charge densities, and structures of the particle edges, all of which control the 102 

rheological and cohesive properties of the clay flow (Lagaly 1989). It is important to note that some 103 

of these properties are also controlled by pH and the available ions in the medium (Luckham and 104 

Rossi 1999), which may vary independently of clay mineral type.  105 

The common clay minerals kaolinite and bentonite have been considered to be end members in 106 

terms of cohesive properties, where kaolinite is weakly cohesive and bentonite is strongly cohesive. 107 

This can largely be explained by their different chemical and physical properties (Table 1). Kaolinite 108 

particles are relatively large and have a low specific surface area (SSA), which is the ratio of surface 109 

area of a material to either its volume or mass (Table 1; Holtz and Kovacs 1981; Yong et al. 2012). 110 

The surface area of the particle controls the magnitude of the interparticle forces, with a larger SSA 111 

allowing greater interparticle forces (Atkinson 2007). Bentonite particles are relatively small and 112 

have a large SSA, which is further increased by the ability of bentonite to absorb water into its 113 

chemical structure. These water molecules separate unit layers within the clay mineral, causing it to 114 

expand, or swell, and thus increase the particle surface area (Yong et al. 2012). The cation exchange 115 

capacity (CEC) is a measure of the potential chemical activity of a clay mineral. Cohesive forces are 116 

directly related to the chemical activity of a clay, and thus to the CEC (Kooistra et al. 1998; Khabbazi 117 

Basmenj et al. 2016). The high CEC of bentonite compared to kaolinite further explains its greater 118 

cohesive properties. Illite and chlorite are clay minerals with intermediate cohesive properties (Table 119 

1), also commonly found in natural sediment. Illite and montmorillonite (which includes bentonite) 120 

have been found to be the most abundant clay minerals on the modern seafloor, each accounting 121 

for roughly 35% of the clay size fraction. Chlorite and kaolinite are less abundant, both accounting 122 

for approximately 15% of the clay size fraction (Griffin et al. 1968; Windom, 1976; Hillier, 1995).  123 
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Investigations of the effect of clay type on the dynamics of SGFs and their depositional properties 124 

began recently. Marr et al. (2001) conducted an experimental study of the flow mechanics of sand-125 

rich subaqueous gravity flows, which also carried bentonite or kaolinite clay, and found that 0.7% by 126 

weight of bentonite was sufficient to produce coherent flows, compared with 7% by weight for 127 

kaolinite. Marr et al. (2001) defined coherent flows as flows that resist breaking apart and becoming 128 

completely turbulent under the dynamic stress associated with the head of a propagating debris 129 

flow. The lower threshold concentration of bentonite required to produce a coherent gravity flows 130 

was attributed to the higher yield stress of bentonite mixtures compared to kaolinite mixtures of the 131 

same composition. Baas et al. (2016) found experimentally that the volumetric suspended sediment 132 

concentration needed to produce transitional flow behavior (sensu Baas and Best 2002) is much 133 

lower in bentonite flows than in kaolinite flows. This was attributed to the greater cohesive strength 134 

of bentonite, producing flows with a significantly higher molecular viscosity and yield stress than 135 

kaolinite flows at concentrations above the gelling threshold.  136 

In the present paper, further experimental evidence that clay type is an important control on 137 

cohesive sediment gravity flows is provided. These experiments produced flows over a wide range of 138 

suspended sediment concentrations to produce low-density turbidity currents, high-density turbidity 139 

currents, debris flows, and slides. The principal aims of this research included: 140 

1. To determine how clay concentration and clay type qualitatively affect the flow properties and 141 

quantitatively affect the flow velocity, run-out distance, and deposit geometry of fine-grained 142 

SGFs produced in the laboratory.  143 

2. To investigate if the rheological properties of the pre-failure suspensions can be used to predict 144 

the flow velocity and run-out distance of the laboratory SGFs, independent of clay type and 145 

concentration. 146 

3. To discuss the possible implications of the experimental data for natural SGFs and their deposits. 147 

METHODS 148 

Thirty-two laboratory experiments were conducted in a smooth-bottomed lock-exchange flume, 5 m 149 

long, 0.2 m wide and 0.5 m deep (Fig. 1). The experiments were conducted using seawater from the 150 

Menai Strait (NW Wales, U.K.) to better mimic flows in the deep ocean. Seawater contains a larger 151 

number of cations compared to freshwater, which helps reduce the repulsive forces between the 152 

negatively charged clay particles and enhance flocculation (Tan et al. 2014). In each experiment, the 153 

slope of the flume was set to 0⁰, and the reservoir was filled with a suspension of fine sediment and 154 

seawater, separated by a lock gate from the main compartment of the flume that was filled with 155 

ambient seawater (density ρa = 1.027 g cm−3). The lock gate was then lifted to initiate the sediment 156 
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gravity flow. The experimental program comprised three different sediment types of contrasting 157 

rheological properties: (1) mixtures of non-cohesive silica flour (D50 = 18.2 µm, density ρs = 2650 158 

kg m−3) and seawater, comprising initial volumetric sediment concentrations, C, of 1% to 52%; (2) 159 

weakly cohesive kaolinite-seawater (D50 = 9.1 µm, ρs = 2600 kg m−3) mixtures, ranging from C = 1% to 160 

C = 29%, and; (3) strongly cohesive bentonite-seawater (D50 = 5.6 µm, ρs = 2300 kg m−3) mixtures, 161 

with C-values between 1% and 20% (Table 2). These experiments examined the changes in behavior 162 

of the sediment gravity flows as a function of suspended sediment concentration and sediment type. 163 

In order to anticipate possible time-dependent behavior, a consistent method was used to prepare 164 

each suspension. First, half of the seawater and the sediment were combined and mixed in a cement 165 

mixer for 15 minutes. The remaining seawater and sediment was then added and mixed for a further 166 

15 minutes. Subsequently, the mixture was decanted into a container and further mixed by a 167 

handheld mixer for 3 minutes for kaolinite and silica flour and for 10 minutes for bentonite, to 168 

obtain a lump-free suspension. The suspension was then progressively added to the reservoir while 169 

the flume filled with seawater, in order to keep similar fluid levels on each side of the lock gate to 170 

limit pressure on the gate. Each flow was generated from the same volume and depth of mixture 171 

into a body of seawater of the same depth (h = 0.35 m). The suspension within the reservoir was 172 

mixed using the handheld mixer for 60 s immediately prior to lifting the gate and generating the 173 

sediment gravity flow. 174 

A time-series of the head velocity of each sediment gravity flow was obtained from the footage of a 175 

high-definition video camera that tracked the front of the flow along the length of the tank. The 176 

change in head position between the video frames was measured based on the distance moved in 177 

pixels relative to a scale at the bottom of the flume, and velocity was then calculated using the 178 

timestamp of each frame. The morphology of the deposits of the SGFs was measured along the 179 

center line of the flume using a SeaTek 5 MHz Ultrasonic Ranging System, comprised of 16 180 

transducers that were spaced apart by 16.2 mm. The SeaTek ranging system calculates the vertical 181 

distance to the deposit by means of the two-way travel time of an ultrasound pulse. The housing 182 

array of the transducers was arranged parallel to the direction of flow and was moved 0.122 m 183 

downstream between individual readings, thus producing a profile with a data point every 8.1 mm 184 

along the deposit. A blank scan of the bottom of the flume was subtracted from the bed profile to 185 

determine deposit thicknesses. The run-out distance of each deposit (defined as the distance from 186 

the lock gate) was recorded for all flows that stopped before reaching the end of the flume. A 187 

hypothetical run-out distance was determined for the flows that bounced off the far end of the 188 

flume, as explained in Section 5.1.2. 189 
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The rheological characteristics of sediment mixtures with the same composition as the suspensions 190 

used in the lock-exchange experiments were measured using the Anton Paar Physica MCR 301 191 

rheometer at IFREMER (Brest, France). These experiments were carried out at 20°C and used a 192 

concentric cylinder geometry. The tests were conducted on kaolinite suspensions at concentrations 193 

ranging from C = 5% to C = 29% and on bentonite suspensions ranging from C = 5% to C = 20%. Each 194 

experiment used 200 cm2 samples, prepared by weighing seawater from the Menai Strait and clay 195 

within a plastic bottle at the desired concentration. The bottle was then manually shaken for 10 196 

minutes to produce a homogenous suspension. The sample was shaken for an additional 30 seconds 197 

immediately before a subsample of the suspension was added to the rheometer cup to account for 198 

any settling that may have taken place at low clay concentrations. Time-dependency tests on the 199 

rheological parameters were conducted and found to be insignificant within the time frame of the 200 

experimental method. The rheometer measured the rheological behavior of the suspensions, from 201 

which the yield stress (or critical shear stress) was derived to give an approximation of the strength 202 

of the cohesive bonds between the clay particles. Yield stress values obtained from the oscillatory 203 

test are presented in Table 2. This method applies a progressively increasing oscillating strain to the 204 

sediment and measures the resultant stress (van Vliet 2013). The trend between yield stress and clay 205 

concentration derived from the oscillatory tests was found to agree well with that of strain- and 206 

stress-controlled tests also conducted for both clay types.  207 

EXPERIMENTAL RESULTS 208 

Each experiment produced a sediment gravity flow directly after lifting the gate. The flow behavior 209 

was observed to vary with the initial suspended sediment concentration and the type of sediment. 210 

Below, differences in the shape and kinematic behavior of the head of the flows, and spatial trends 211 

in the head velocities and deposit thicknesses of the flows, are described for the non-cohesive silica 212 

flour (Figs 2-4), the weakly cohesive kaolinite (Figs 5-7), and the strongly cohesive bentonite (Figs 8-213 

10). Table 2 summarizes the sediment type, the flow type, the initial suspended sediment 214 

concentration, the initial yield stress, the maximum head velocity for each flow, and the run-out 215 

distance for each deposit. The results for the non-cohesive silica-flour laden flows and the cohesive 216 

flows laden with kaolinite and bentonite are described below first. The differences in flow behavior 217 

and deposit properties for these sediment types are then captured in an empirical model for the 218 

effect of cohesion on the kinematic behavior of fine-grained sediment gravity flows. 219 

Silica flour flows 220 

Visual observations.--- Video recordings of the silica-flour laden flows show marked changes in the 221 

behavior of the heads of these flows, as the initial suspended sediment concentration, C, was 222 
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increased from 1% to 52%. Along the entire length of the flume, the flows that carried up to 44% 223 

silica flour were visually dominated by turbulent mixing, both within the head and body of the flows, 224 

and at their boundaries (Figs 2A, B). Upon leaving the reservoir, these flows developed a pointed 225 

semi-elliptically shaped head with a prominent nose. This shape, as well as the thickness of the head 226 

of these flows, remained constant along the flume. The height of the body fluctuated owing to the 227 

development of Kelvin-Helmholtz instabilities at the upper surface of the flows.  228 

The flows that carried between 46% and 50% silica flour comprised two layers: a lower layer without 229 

visible internal mixing and an upper layer where ambient water was mixed into the flow (Fig. 2C). 230 

The boundary between these two layers was well defined in the videos by a vertical change in color 231 

(Fig. 2C). This color contrast increased from C = 46% to C = 50%. The heads of the 46% to 48% silica 232 

flour flows showed a semi-elliptical shape similar to the C < 46% flows. However, the nose gradually 233 

became more rounded, as the concentration increased. At C ≥ 49%, the shape of the head of the 234 

silica-flour laden flows was rounded with a blunter nose than at lower C-values. At C ≥ 47%, the 235 

flows stopped before reaching the end of the tank, but sediment from the dilute upper layer of the 236 

flow continued to travel along the length of the flume.  237 

The C = 51% and C = 52% flows were poorly mixed internally and exhibited only minor incorporation 238 

of ambient water (Fig. 2D). Instead, the ambient water was swept over the front and the top of the 239 

flows. The 52% flow was wedge-shaped, rendering it difficult to distinguish the head from the body 240 

of this flow. A dilute cloud of silica flour developed above the flows with C = 51% and C = 52% (Fig. 241 

2D). This cloud travelled slowly down the length of the flume after the main flow had stopped.  242 

Flow velocities.--- Figures 3A and 3B show distinct spatial changes in the head velocity of the flows, 243 

as the silica flour concentration was increased. Each flow accelerated rapidly once the gate was 244 

lifted, reaching a maximum head velocity that increased from 0.11 m s−1 to 0.75 m s−1, as the 245 

suspended sediment concentration of the flows was increased from 1% to 47%. At C ≥ 48%, the 246 

maximum head velocity of the flows decreased progressively from 0.71 m s−1 to 0.29 m s−1 (Fig. 11A). 247 

After the initial increase in head velocity, all flows decelerated along the remainder of the flow path. 248 

However, higher-frequency fluctuations in the head velocity were superimposed on this trend of 249 

decelerating head velocity, especially in the denser flows. The maximum recorded fluctuation in 250 

head velocity was c. 0.2 m s−1 in the 46% flow (Fig. 3B). Within the limits of the flume, the flows with 251 

C ≤ 25% showed a gradual spatial decrease in head velocity, while the C = 40% to C = 46% flows 252 

exhibited a quicker rate of deceleration in the final flow stages, in addition to this gradual decrease. 253 

The flows with C ≥ 47% flows also displayed a rapid decrease in velocity in the final stages of flow, 254 

but for these flows, the velocity reduced to zero before reaching the far end of the flume. As the 255 
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initial silica flour concentration was increased from 47% to 52%, the maximum distance of travel of 256 

these flows progressively shortened (Figs 3B, 11B).  257 

Deposits.--- All the flows with C ≥ 47% produced a measurable run-out distance (Fig. 4), translating 258 

into deposit lengths that decreased from 4.66 m to 0.49 m, as the initial suspended sediment 259 

concentration of the flows was increased from 47% to 52% (Fig. 11B). These deposits were thickest 260 

at the back of the reservoir, where also the maximum thickness increased with increasing flow 261 

density (Fig. 4). The deposits of the 47% to 49% flows decreased steadily in thickness from the back 262 

of the reservoir to x ≈ 1.1 m; thereafter, the thickness of these deposits remained constant. The 263 

termination of the deposit of the 47% flow was wedge-shaped, whereas the deposits of the 48% and 264 

49% flows had abrupt terminations (Fig. 4). The 50% and 51% flows produced deposits that thinned 265 

from the back of the reservoir to x = 0.83 m and x = 0.65 m, respectively, before increasing in 266 

thickness again, thus exhibiting a distinct depression within the deposits. As with the 48% and 49% 267 

flows, the deposits of the 50% and 51% flows terminated abruptly. The flow that carried 52% silica 268 

flour did not produce a depression within its deposit. Instead, this deposit dipped steeply and almost 269 

uniformly from the back of the reservoir to x = 0.49 m (Fig. 4).  270 

Kaolinite flows 271 

Visual observations.--- The behavior of the heads of the flows laden with kaolinite clay changed 272 

significantly, as the suspended sediment concentration was increased from 1% to 29%. The 1% to 273 

15% flows were all turbulent, behaving in a similar manner to the low-concentration silica flour flows 274 

(Fig. 2A). As the initial concentration was increased from 1% to 15%, turbulent mixing within the 275 

flows and mixing with the ambient water at the flow boundaries was observed to intensify. These 276 

kaolinite flows produced pointed semi-elliptically shaped heads with a pronounced nose; this shape 277 

remained constant along the full extent of the flow path. The upper boundary of the body of these 278 

flows contained Kelvin-Helmholtz waves and instabilities.  279 

The C = 22% to C = 25% flows comprised a dark lower layer, overlain by an upper layer with a lighter 280 

shade, where ambient water mixed into the flow (Figs 5A, B). Fluid escape structures (FES) 281 

developed within the lower layer of the 22% and 23% flows, at 1.32 m and 0.84 m along the length 282 

of the tank, respectively; these FES were maintained until the final flow stages. The majority of the 283 

FES were angled at 40° relative to the horizontal in the 22% flow; this angle was 10° in the 23% flow. 284 

From 1.32 m, the head of the C = 22% flow was visually divided into three parts (Fig. 5A): a 285 

featureless basal zone 1a, a middle zone 1b with the angled FES, and an upper zone 2 where mixing 286 

with ambient water dominated. This tripartite structure was visible until 3.30 m, after which the FES 287 

ceased to exist. The heads of the 22% ≤ C ≤ 25% kaolinite flows had a pointed semi-elliptical shape 288 
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with a prominent nose, and all experienced hydroplaning. However, from 0.41 m to 1.35 m from the 289 

point of release, the shape of the head of the 25% flow changed to a rounded semi-ellipse, as 290 

sediment was thrown over the top of the head (Fig. 5B).  291 

The pointed, wedged-shaped head of the 27% kaolinite flow lacked evidence of internal turbulent 292 

mixing, and mixing with the ambient fluid along the flow path was weak at best (Fig. 5C). The head of 293 

this flow hydroplaned, and it developed vertical tension cracks (< 10 mm deep) oriented 294 

perpendicular to the side wall of the flume. The 29% kaolinite suspension slid out of the reservoir as 295 

a coherent mass, producing a flow with a blunt, rounded head and a steeply inclined body (Fig. 5D). 296 

Mixing with the ambient water and hydroplaning was absent at C = 29%.  297 

Flow velocities.--- Figures 6A and 6B reveal distinct changes in head velocity as a function of distance 298 

along the flume, as the suspended kaolinite concentration was increased from 1% to 29%. All 299 

kaolinite flows accelerated upon leaving the reservoir, before gradually decelerating, as they 300 

travelled further down the flume (Fig. 6). Hence, all flows reached a maximum velocity, which 301 

increased from 0.11 m s−1 for C = 1% to 0.50 m s−1 for C = 22%, and then decreased to 0.29 m s−1 for C 302 

= 29% (Fig. 11A). The rate of flow deceleration increased slightly, as the suspended sediment 303 

concentration was increased from 1% to 15%, as did short-term variations in head velocity 304 

superimposed on the long-term trend of flow deceleration, with the 15% flow fluctuating in head 305 

velocity by up to 0.1 m s−1 (Fig. 6A). The flows with C ≥ 22% displayed a phase of rapid deceleration 306 

immediately before coming to a halt (Fig. 6B). The 15% flow shows the beginning of a similar trend 307 

(Fig. 6A), but it did not reach zero velocity before arriving at the far end of the flume, conforming to 308 

all flows with C < 15%. The 29% kaolinite flow behaved somewhat differently, in that, after an initial 309 

deceleration from 0.3 m s−1 to ~0.01 m s−1, the flow continued to move forward at 0.01 m s−1 over a 310 

distance of 0.33 m before stopping (Fig. 6B). The maximum distance that the flows with C ≥ 22% 311 

travelled decreased, as the suspended sediment concentration was increased (Figs 6B, 11B).  312 

Deposits.--- The sediment gravity flows that carried 22-29% kaolinite formed deposits that were fully 313 

confined within the flume. As the suspended sediment concentration was increased from 22% to 314 

29%, the run-out distance of the deposits decreased from 4.35 m to 0.46 m (Figs 7, 11B). Figure 7 315 

also shows that these deposits were thickest near the back of the reservoir, and that the shape of 316 

the deposits differed profoundly. The deposits formed by the flows that carried 22-27% kaolinite 317 

terminated abruptly, thus showing beds with a pronounced leading edge. The height of this leading 318 

edge above the base of the flume increased, as the suspended sediment concentration was 319 

increased from 22% to 27% (Fig. 7). The deposits of the 22% and 23% flows thinned from the back of 320 

the reservoir to x ≈ 0.95 m, before remaining constant in thickness down to their distal termination. 321 
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In contrast, the deposits of the 25% and 27% flows both comprised a distinct depression, which 322 

reached the floor of the flume at x = 0.71 m for the flow with C = 25%, while there was 0.016 m of 323 

clay in the depression of the deposit of the 27% flow at x = 0.50 m (Fig. 7). The deposit of the 29% 324 

flow progressively decreased in thickness from the back of the reservoir, thus producing a steep, 325 

wedge-shaped deposit.  326 

Bentonite flows 327 

Visual observations.--- The density flows laden with bentonite clay mimicked the flows laden with 328 

silica flour and kaolinite in that the behavior of the heads of these flows changed substantially as a 329 

function of suspended sediment concentration. At C ≤ 10%, the flows exhibited strong turbulent 330 

mixing, both internally and at their boundaries, and distinct Kelvin-Helmholtz instabilities developed 331 

at the interface with the ambient water in the body region in a similar manner to the low 332 

concentration silica flour flows (Fig. 2A). The heads of these flows had a semi-elliptical shape and a 333 

well-defined nose.  334 

The flows with C = 15% and C = 16% exhibited a dense lower layer and a dilute upper layer, similar to 335 

those described above for the 22-25% kaolinite flows. Here, the two layers were separated by 336 

interfacial waves that were particularly prominent during the final flow stages of the C = 15% flow. 337 

The lower layer of the C = 15% flow remained featureless during the initial and final flow stages, but 338 

FES were present in the midsection of the flow path. In the 16% flow, a long quasi-horizontal FES 339 

developed at x ≈ 0.60 m, above which multiple FES angled at 45° were observed (Fig. 8A). This layer 340 

of FES moved on top of a dense, featureless layer to x ≈ 3 m; further down the tank, the entire dense 341 

lower layer was featureless. The video recordings revealed packets of cohesive sediment within the 342 

head of the 15% flow and more frequently within the 16% flow (Fig. 8A). Occasionally, these packets 343 

were pushed over the top of the head before disintegrating or carried along at the floor of the flume 344 

before being incorporated into the head of the flow (Fig. 8A). The head of the flow with C = 17% had 345 

a tripartite signature: (i) a dense lower layer which contained horizontal sheets of water; (ii) a middle 346 

layer with active mixing and FES; and (iii) a dilute upper layer, dominated by mixing with the ambient 347 

water (Fig. 8B). This tripartite structure was visible from x = 1.05 m to x = 2.43 m, after which the FES 348 

reached the base of the flow, producing a two-partite structure. The heads of the 15% and 16% 349 

flows were semi-elliptical in shape with a well-defined nose (Fig. 8A), whereas the front of the 17% 350 

flow was more semi-circular (Fig. 8B).  351 

Between C = 15% and C = 19%, the heads of all the bentonite flows showed hydroplaning. Yet, the 352 

shape of the head of the flows that carried 18% and 19% bentonite was different from that of the 353 

bentonite flows with lower C-values. Upon leaving the reservoir, the heads of these flows lifted off 354 
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the base of the flume and folded back on themselves, thus attaining a distinct and persistent roller-355 

wave like shape (Fig. 8C). The body of the 18% and 19% flows lacked any noticeable mixing, but a 356 

dilute suspension cloud developed above the heads of these flows (Fig. 8C). During the final flow 357 

stages, the fold at the top of the head dropped back towards the floor of the flume, resulting in a 358 

blunt semi-circular frontal shape. Vertical tension cracks were observed in the body of the flow that 359 

carried 19% bentonite. The highest-concentration bentonite flow, with C = 20%, moved out of the 360 

reservoir as a coherent mass without a clearly defined head (Fig. 8D). Minor folds developed in the 361 

slowly advancing mass of sediment, and tension cracks were present length-parallel to the flow 362 

direction in the two lowest folds (Fig. 8D).  363 

Flow velocities.--- The head velocities of the bentonite flows and the kaolinite flows showed similar 364 

spatial patterns. This includes acceleration upon release from the reservoir to a maximum flow 365 

velocity that first increased and then decreased as a function of increasing suspended sediment 366 

concentration, followed by a phase of decelerating flow (Figs 6, 9). The maximum velocity of the 367 

bentonite flows increased from 0.10 m s−1 for C = 1% to a peak of 0.37 m s−1 for C = 16%, and then 368 

decreased to 0.07 m s−1 for C = 20% (Figs 9, 11A). The rate of flow deceleration increased with 369 

increasing suspended sediment concentration for the flows that carried up to 10% bentonite. The 370 

15% bentonite flow stopped before reaching the end of the flume, owing to a high rate of 371 

deceleration in the final flow phase. This phase of rapid deceleration is characteristic of all the 372 

bentonite flows with C ≥ 15%, but it occurred progressively closer to the lock gate, as the suspended 373 

sediment concentration was increased from 15% to 20% (Fig. 9B). All flows exhibited velocity 374 

fluctuations superimposed on the longer trend of decelerating flow. These fluctuations reached c. 375 

0.1 m s−1 in the 15% flow, but remained below c. 0.05 m s−1 in the other bentonite flows.  376 

Deposits.--- The flows with C ≥ 15% bentonite produced measurable run-out distances within the 377 

4.69 m long tank. The deposits decreased in length from 4.66 m for C = 15% to 0.22 m for C = 20% 378 

(Figs 10, 11B). All the bentonite deposits were thickest near the back of the reservoir. The deposits 379 

of the 15-17% flows thinned steadily from within the reservoir to x ≈ 1 m. Thereafter, the bed 380 

thickness remained constant until the deposits terminated abruptly (Fig. 10). The 18% and 19% flows 381 

produced deposits with abrupt terminations as well, but these beds also contained a distinct, 0.03-382 

0.04 m deep, depression at x ≈ 0.60 m. The flow laden with 20% bentonite produced a block-shaped 383 

deposit that was between 0.20 m and 0.29 m thick for most of its length, but at its termination the 384 

bed thickness reduced to zero over a distance of only 0.1 m.  385 

Comparison of flow velocities and run-out distances 386 
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Figure 11 compares the maximum head velocities and run-out distances for the three sediment 387 

types as a function of initial suspended sediment concentration. Up to C = 10%, the maximum head 388 

velocity, Uh,m, increased at a similar rate for these sediment types (Fig. 11A). As suspended sediment 389 

concentration was increased further, the Uh,m-values started to diverge, e.g., attaining 0.35 m s−1 for 390 

bentonite, 0.41 m s−1 for kaolinite, and 0.45 m s−1 for silica flour at C = 15%. The bentonite flows 391 

achieved the highest Uh,m-value at C = 16%. With a further increase in bentonite concentration, Uh,m 392 

decreased rapidly until the bentonite was no longer able to flow out of the reservoir at an estimated 393 

C ≈ 20.5% (Fig. 11A). The C-Uh,m curves for the bentonite, kaolinite and silica flour flows have a 394 

similar shape, but the maximum Uh,m and the suspended concentrations at which this maximum 395 

velocity was reached, were significant higher for kaolinite and silica flour. The kaolinite flows 396 

reached Uh,m = 0.50 m s−1 at C = 22%, and the silica flour flows attained Uh,m = 0.75 m s−1 at C = 47% 397 

(Fig. 11A). The kaolinite and silica flour suspensions failed to leave the reservoir at estimated C-398 

values of 30.5% and 53%, respectively.  399 

Within the confinement of the flume, the run-out distance of the sediment gravity flows strongly 400 

depended on concentration and clay type (Fig. 11B). Progressively less suspended sediment was 401 

required to produce a deposit of equal length for silica flour, kaolinite and bentonite. For example, 402 

the 19% bentonite flow had a run-out distance of 1.22 m, whereas 27% of kaolinite and 51% of silica 403 

flour were needed to achieve a similar run-out distance. 15% bentonite was required to produce 404 

deposits that were limited in length to the confinement of the flume (i.e. x = 4.69 m). This threshold 405 

concentration was much higher for kaolinite, at C = 22%, and for silica flour, at C = 47% (Fig. 11B).  406 

PROCESS INTERPRETATIONS 407 

Silica flour flows 408 

Silica flour is composed of ground quartz and generally assumed non-cohesive (Parker et al. 1987; 409 

Baas et al. 2005; Felix and Peakall 2006; Kane et al. 2010). However, Pashley and Karaman (2005) 410 

found that silica flour particles may have a weak negative surface charge owing to the disassociation 411 

in water of some of the silanol (SiOH) groups, thus rendering silica flour weakly cohesive. These 412 

weak to non-cohesive properties may have caused the silica flour flows in this study to behave 413 

differently from the stronger cohesive kaolinite and bentonite flows, particularly at high suspended 414 

sediment concentrations. However, other processes, such as frictional grain-to-grain interactions, 415 

dispersive pressure, and hindered settling, may have also controlled the behavior of the silica flour 416 

flows, as discussed below.  417 

The flows laden with ≤ 44% silica flour behaved in a similar manner to many experimental turbidity 418 

currents described in the literature (Figs 2A, B; e.g., Kuenen and Migliorini 1950; Middleton 1966; 419 
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Marr et al. 2001), in that they were visually fully turbulent, thus allowing the sediment particles to 420 

be supported by the upward velocity component of fluid turbulence (Middleton and Hampton 1973; 421 

Kneller and Buckee 2000). This behavior renders these silica flour flows low-density turbidity 422 

currents (LDTC; Table 3), following the definition of Lowe (1982). These flows remained fast-moving 423 

and dynamic with pronounced Kelvin-Helmholtz instabilities at the upper boundary up to such high 424 

concentrations owing to the large density difference with the ambient water and the small size of 425 

the particles (D50 = 18.2 µm). Consequently, turbulent energy within the flows was able to 426 

outcompete the particle settling velocity, and keep the particles in suspension. High dispersive 427 

pressure and hindered settling may also have helped the particles remain suspended in these flows 428 

(Middleton and Hampton 1973).  429 

At C = 46% to C = 50%, the silica flour flows were classified as high-density turbidity currents (HDTC; 430 

sensu Lowe, 1982; Table 3), as these flows comprised a dense lower zone 1 separated from a dilute 431 

upper zone 2 by a break in density (Fig. 2C). Zone 1 formed from the accumulation of particles near 432 

the base of the flow, and zone 2 resulted from shear-induced mixing of sediment within the upper 433 

part of the flow with the ambient water, thereby forming shear waves and Kelvin-Helmholtz 434 

instabilities that moved particles upward and ambient water downward. At C ≥ 48%, the mobility of 435 

the flows started to reduce progressively, resulting in full turbulence suppression and plug flow 436 

behavior in the 51% and 52% flows, which are classified herein as a non-cohesive mud flow (NCMF) 437 

and a slide, respectively, because the 51% suspension evolved into a flow with a flat upper boundary 438 

after sliding out of the reservoir, whereas the 52% suspension was arrested in the sliding phase 439 

(Table 3; Fig. 2D). At C ≥ 48%, the volumetric concentration of the flows was close to the cubic 440 

packing density of clastic sediment (c. 52%). It is therefore inferred that frictional grain-to-grain 441 

interactions prevented the development of turbulence within the flows at C ≥ 48%, thus 442 

outcompeting the effect of excess density, encouraging bulk settling, and slowing down the flows 443 

(Iverson 1997).  444 

All the flows with C ≥ 47% showed a dilute suspension cloud that outran the main body of the flow 445 

(Fig. 2D). While the dense main body of the HDTCs laden with 47% to 50% silica flour slowed and 446 

stopped, as the frictional forces outcompeted the excess density, the dilute suspension cloud was 447 

driven by turbulence and still had enough momentum to continue flowing. Minor erosion at the top 448 

of the 51% and 52% silica flour flows helped producing the dilute turbidity current, which was then 449 

able to travel slowly along the entire length of the tank. 450 

In contrast to the kaolinite and bentonite flows herein and other high-density clay-laden SGFs 451 

described in the literature (Fig. 2; Marr et al. 2001; Elverhøi et al. 2005), none of the silica flour flows 452 
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hydroplaned. Hydroplaning occurs when the dynamic pressure generated in the ambient fluid just 453 

below the head of the flow approaches or exceeds the weight per unit area of the material in the 454 

head of the flow (Mohrig et al. 1998). Another requirement for hydroplaning is that the permeability 455 

of the base of the flow is low enough to prevent mixing of the overridden water into the flow above 456 

(Talling 2013). This may not have been achievable for the silica flour-laden flows due to the lack of 457 

cohesive strength in these flows. In the LDTCs and HDTCs in particular, the high turbulent energy and 458 

small particle size meant that any water forced underneath the head was rapidly mixed into the 459 

flow. The NCMF and slide may have had a permeable base as well, but these dense flows were 460 

probably also too heavy and did not travel quickly enough to allow water to be forced underneath 461 

the head of the flow.  462 

The pointed semi-elliptical shape of the head of the silica flour flows with C ≤ 48% is commonly seen 463 

in turbidity currents of relatively low density and low cohesive strength, in which the head is shaped 464 

into a streamlined form, thus minimizing the pressure force at the front of the flow (Figs 2A-C; 465 

Hampton 1972; Middleton 1993). Although the 46% and 48% silica flour flows behaved as HDTCs, 466 

these flows apparently did not have enough internal strength to resist being shaped by the resistive 467 

shear forces and the no-slip condition on the upper and lower flow boundaries (Britter and Simpson 468 

1978; Kneller and Buckee 2000). Conversely, the rounded shape of the head of the silica flour flows 469 

with C ≥ 49% suggests that these flows did have enough strength to resist being shaped by the 470 

hydrodynamic pressures. This strength may result from a variety of mechanisms: high dispersive 471 

pressure, hindered settling, frictional grain-to-grain interaction, and the weak negative surface 472 

charge of silica flour (Middleton and Hampton 1973; Iverson 1997; Pashley and Karaman 2005). The 473 

flows with C ≥ 49% also had relatively low head velocities, which reduced the hydrodynamic 474 

pressure on the head of these flows, and thus the ability to give the head a streamlined shape 475 

(Mohrig et al. 1998).  476 

All the silica flour-laden flows accelerated to a maximum velocity upon leaving the reservoir (Fig. 3). 477 

The flows accelerated to a greater velocity with increasing volumetric concentration up to C = 47%, 478 

as increasing the concentration increases the density difference between the sediment suspension 479 

and the ambient fluid, and it is this difference which drives the flow. However, for C ≥ 48%, further 480 

increasing the volume concentration reduced the maximum velocity that the flows accelerated to. It 481 

is suggested that friction from grain-to-grain interactions attenuated the turbulence within the flow 482 

and reduced the flow velocity at these high suspended sediment concentrations (Iverson 1997). As 483 

the concentration was increased, the frictional forces became greater and the mobility of the flows 484 

reduced, resulting in shorter run-out distances with increasing concentration for the flows carrying 485 

at least 47% silica flour (Figs 3B, 4).  486 
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The rate of deceleration of the head of the silica flour-laden flows increased as the suspended 487 

sediment concentration was increased. At C ≤ 25%, the flows decelerated relatively slowly, driven by 488 

resistive shear forces, along the length of the tank (Fig. 3A; Kneller and Buckee 2000). At higher 489 

concentrations, the flows displayed a faster rate of deceleration, especially at C ≥ 47%, where all the 490 

flows showed a rapid spatial decrease to zero velocity (Fig. 3B). Abrupt deceleration has been 491 

observed before for high-concentration silica flour flows produced in the laboratory (Hallworth and 492 

Huppert 1998). This rapid rate of deceleration is attributed to frictional freezing (Mutti et al. 1999; 493 

Mulder and Alexander 2001; Kane et al. 2009). As the flow starts to slow down, the vertical 494 

movement of the grains due to settling becomes greater than the horizontal movement, and the 495 

flow contracts vertically. This contraction process brings the particles in closer proximity, resulting in 496 

greater frictional forces, which further reduce the forward momentum of the particles. This negative 497 

feedback thus leads to rapid deceleration. The origin of the velocity fluctuations superimposed on 498 

the general trend of decelerating head velocity is unclear. These fluctuations may be attributed to 499 

the formation of elongate packets of sediment with contrasting velocity within lobes and clefts at 500 

the base of the flow, and interaction of the flow with waves on the water surface, produced by the 501 

displacement of ambient water upon release of the sediment suspension from the reservoir.  502 

The HDTCs, NCMF, and slide with C ≥ 47% deposited all or most of the silica flour within c. 1 m of the 503 

lock gate, forming steeply inclined, wedge-shaped, sediment bodies (Fig. 4). This is further testament 504 

to the dominance of frictional forces over turbulent forces at these high suspended sediment 505 

concentrations. However, part of the sediment within the HDTCs was transported beyond x = 1 m, 506 

suggesting that the remaining turbulent forces were able to keep part of the silica flour in 507 

suspension until frictional freezing commenced. The blocky shape of these deposits agrees well with 508 

the shape of deposits formed by natural high-density SGFs, such as in the Marnoso-arenacea 509 

Formation, Italy (Amy et al. 2005, their figure 3B).  510 

The depression in the deposits of the 50% and 51% silica flour flows (Fig. 4) resembles those that 511 

Elverhøi et al. (2005) associated with flow ‘stretching’ due to hydroplaning, which causes the head of 512 

a dense flow to accelerate away from the body. However, the fact that the silica flour flows in the 513 

present study did not hydroplane suggests that other mechanisms may also create these 514 

depressions. It is hypothesized herein that differences in the forward velocity of the head, neck and 515 

body of the flow, related to local differences in suspended sediment concentration, are responsible 516 

for the flow stretching. If it is assumed that the head of the flow travels slower than the neck of the 517 

flow, because of resistive forces at the front of the flow, sediment particles are moved from the neck 518 

into the head. If then bulk settling of silica flour particles, as a result of turbulence suppression, and 519 

ensuing high yield stress in the body of the flow reduces the velocity so that the body cannot keep 520 
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up with the neck of the flow, the sediment pushed from the neck into the head is not replenished 521 

with sediment from the body of the flow. This would result in a depression in the deposit at the 522 

point where the body stops moving due to bulk settling and the neck and head of the flow keep 523 

some forward momentum. Velocity measurements within the 50% and 51% flows are needed to test 524 

this hypothesis. Finally, the 52% silica flour flow may not have produced a deposit with a depression, 525 

because of a lack of internal velocity gradients, which is typical for a slide moving as a rigid plug. 526 

Kaolinite and bentonite flows 527 

The kaolinite and bentonite flows with C ≤ 15% and C ≤ 10%, respectively, behaved as typical LDTCs 528 

(Table 3), fully dominated by turbulent mixing in the head and body of these flows (Middleton 1966; 529 

Middleton and Hampton 1973; Lowe, 1982; Sumner et al. 2009). The heads of these LDTCs 530 

maintained a pointed semi-elliptical shape, which minimized the pressure forces at the front of the 531 

flows.  532 

At volume concentrations between 22% and 25% for kaolinite and between 15% and 17% for 533 

bentonite, the flows showed HDTC behavior (Table 3; Kuenen 1951; Lowe 1982). These clay-laden 534 

HDTCs can be classified as transient-turbulent, or transitional, flows (Wang and Plate 1996; Baas and 535 

Best 2002). Herein, the high concentration of clay particles in the lower part of the flows caused the 536 

transient-turbulent behavior. In this near-bed flow layer (zone 1), the probability for particles to 537 

collide, flocculate, and form gels, was high, which made the flows viscous, attain a higher cohesive 538 

strength, and thus become subjected to turbulence suppression (Baas et al. 2009).  539 

This HDTC behavior was particularly prominent along most of the path of the 22% to 25% kaolinite 540 

flows and the 15% to 17% bentonite flows. All these flows comprised of a dense lower zone 1 that 541 

was distinct from a dilute upper zone 2, where mixing with ambient water through Kelvin-Helmholtz 542 

instabilities was observed (Figs 5A, B, 8A, B; Baas et al. 2004). The color difference between the two 543 

zones and the presence of interfacial waves was likely caused by a break in density. Although it 544 

cannot be ruled out that the formation of FES in zone 1 of the HDTCs was limited to the side wall of 545 

the flume, the presence of these FES implies that the flows had a high enough yield stress to limit 546 

turbulent mixing of the entrained water into the flow. Fluid escape took place during flow, which 547 

explains why the FES were often oriented at an angle to the vertical. 548 

The 22% kaolinite flow and the 17% bentonite flow produced a tripartite structure along part of their 549 

flow path (Figs 5A, 8B). The basal zone 1a in the 22% kaolinite flow was featureless, while this zone 550 

contained horizontal sheets of water in the 17% bentonite flow (Fig. 8B), which appeared to form by 551 

injection of water at the flow front. The formation of FES in zone 1b of both flows suggests that this 552 
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zone had a slightly lower cohesive strength than zone 1a. The flows were probably too slow, and 553 

therefore too cohesive, to develop the tripartite structure in the early and late flow stages. Instead, 554 

the two-partite structure, discussed above, prevailed. Alternatively, the two-partite flow structures 555 

may have remained after deposition of clay from basal zone 1a in the final flow stages.  556 

The 15% and 16% bentonite flows carried packets of cohesive sediment, which formed when small 557 

sections of cohesive sediment were torn off zone 1 by ambient water forced over the front of the 558 

flows (Fig. 8A). This suggests that the shear force imposed by this ambient water exceeded the yield 559 

stress of the sediment suspension. These packets of bentonite were cohesive enough to resist 560 

mixing with the ambient water, as they were thrown over the top of the head. Yet, these packets 561 

were seen to disintegrate and become incorporated within the dilute mixing zone 2 under the 562 

influence of high turbulence. Packets that were carried along at the base of the head survived for 563 

longer, presumably because the shear forces at the base of zone 1 were weaker than near the top of 564 

zone 2. 565 

The concentration of clay particles within the flows that carried more than 25% kaolinite or more 566 

than 17% bentonite appeared high enough to form clay gels, i.e., pervasive, volume-filling networks 567 

of clay particle bonds, throughout the flow (Figs 5C, D, 8C, D; Baas et al. 2009). These gels are 568 

inferred to have had a high enough yield stress to form rigid plug flows without internal turbulence, 569 

typical of debris flows (Middleton and Hampton 1973; Baas et al. 2009). The kaolinite flows with C = 570 

27% and the bentonite flows with C = 18% and C = 19% are classified herein as cohesive mud flows 571 

(CMF; Table 3). The high yield stress of these CMFs is further supported by the sharply reduced 572 

mixing with the ambient water, although the relatively weak water flow across the upper flow 573 

boundary at these high C-values may also have prevented the bonds between the clay particles from 574 

breaking on a large scale. Likewise, mixing at the top of the 29% kaolinite flow and 20% bentonite 575 

flow was negligible as a consequence of the particularly high cohesive strength and low head 576 

velocity. These flows were classified as slides, following the definition of a high-density SGF that 577 

moves as a coherent mass without significant internal deformation (Figs 5D, 8D; Table 3; Martinsen 578 

1994; Mohrig and Marr, 2003), and the fact that these flows were arrested in the sliding phase soon 579 

after the gate had been lifted, similar to the 52% silica flour flow. 580 

The presence of tension cracks on top of the 27% kaolinite flow and the 19% bentonite flow suggests 581 

that these flows were cohesive enough to have tensile strength and that these flows were placed 582 

under flow-parallel tension (Fig. 5C; Marr et al. 2001). Small spatio-temporal variations in flow 583 

velocity, partly related to hydroplaning, may have put these flows under tension. The 20% bentonite 584 

slide also exhibited tension cracks, but these were oriented parallel to the direction of movement of 585 
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the slide. These cracks formed, because the flow moved at a slightly faster rate in the center of the 586 

flume than at the sidewall, thus placing it under tension perpendicular to the movement direction.  587 

The shape of the head of the clay flows with high C-values can be related to their rheological 588 

properties as well as the hydrodynamic pressure at the front of these flows (Mohrig et al. 1998). 589 

Unlike the flows with C ≤ 22% kaolinite and C ≤ 17% bentonite, which all had semi-elliptically shaped 590 

heads, the head of the 25% kaolinite flow attained a rounded shape for part of its flow path (Fig. 5B). 591 

It is inferred that, owing to the high cohesive strength of this flow, the hydrodynamic pressures were 592 

not able to change the head of this flow into a more streamlined shape. The particularly thin pointed 593 

semi-elliptically shaped head of the 27% kaolinite flow and the blunt, semi-circularly shaped head of 594 

the 29% kaolinite flow also support the interpretation that these high-density flows were cohesive 595 

enough to withstand streamlining by ambient water swept over the front and top of these flows 596 

(Figs 5C, D). The roller waves in the heads of the 18% and 19% bentonite flows were particularly 597 

striking (Fig. 8C). Hampton (1972) also observed “blunt snouts with a sharp-tipped crest curled back 598 

over the top of the flow” in debris flows with a low water content (below 70% by weight). Hampton 599 

(1972) attributed this shape to the high yield stress of the flows, which allowed the water pushed 600 

back over the top of the head to create a fold that was able to resist erosion and maintain the sharp-601 

tipped crest.  602 

The kaolinite flows with 22% ≤ C ≤ 27% and the bentonite flows with 15% ≤ C ≤ 19% hydroplaned 603 

along parts of their flow path (Figs 5A, B, 8A-C). This implies that the dynamic pressure generated in 604 

the ambient fluid below the front of these flows approached or exceeded the weight per unit area of 605 

the sediment in the head of the flows (Mohrig et al. 1998), and that the permeability at the base of 606 

these flows was low enough to prevent mixing of the overridden water into the flow above (Talling 607 

2013). Here, it is assumed that the latter criterion was not met in the flows with lower clay 608 

concentration, because the high level of turbulence quickly mixed the overridden water into the 609 

base of the flows. In the 29% kaolinite and 20% bentonite flows, the weight per unit area of the 610 

sediment in the head is inferred to have been too large to allow hydroplaning to develop (Figs 5D, 611 

8D). Hydroplaning did not take place either in the initial and final stages of the kaolinite flows with 612 

22% ≤ C ≤ 27% and the bentonite flows with 15% ≤ C ≤ 19%. Near the reservoir, the hydrodynamic 613 

pressures at the front of the head needed time to support the downward directed weight of the flow 614 

and force a thin layer of water underneath the head (Mohrig et al. 1998; Talling 2013). As the flows 615 

slowed during their final stages, the hydrodynamic pressure at the front of the head reduced and 616 

might not have been able to support the weight of the flows any longer, thus causing hydroplaning 617 

to terminate (Mohrig et al. 1998).  618 
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The balance between turbulent and cohesive forces can also be used to explain the observed trends 619 

in head velocity and run-out distance of the clay flows (Figs 6, 9). For the fully turbulent C ≤ 15% 620 

kaolinite and C ≤ 10% bentonite LDTCs, the progressive increase in head velocity with increasing 621 

volumetric concentration resulted from the density difference driving the flows (Figs 6A, 9A). We 622 

interpret that at these concentrations the cohesive forces did not influence the flow dynamics. This 623 

is further confirmed by the relatively slow deceleration of these flows along the length of the tank, 624 

which is inferred to result from effective particle support by shear turbulence and minor particle 625 

settling (Figs 6A, 9A).  626 

In the flows that carried more than 22% kaolinite and more than 16% bentonite, the maximum head 627 

velocity started to decrease, as C was increased, because the cohesive forces became stronger than 628 

the turbulent forces within these flows, despite the large density difference with the ambient water. 629 

This lack of turbulent support, combined with bulk settling of the clay gel, resulted in stronger spatial 630 

deceleration of the flow and shorter run-out distances of the deposits of these flows (Figs 7, 10). 631 

These flows decelerated particularly quickly in the final stage, which is considered to result from 632 

‘cohesive freezing’ (Mulder and Alexander 2001). As the flow starts to slow down, lower turbulent 633 

forces and flow contraction due to bulk settling allow the clay particles to form a greater number of 634 

electrostatic bonds and increase the cohesive strength of the flows. In turn, this further reduces the 635 

turbulence and encourages even greater cohesive strength. This negative feedback mechanism 636 

allows clay flows to decelerate very quickly. Jacobson and Testik (2013) also produced laboratory 637 

flows composed of kaolinite with abrupt transitions, which they attributed to the presence of a 638 

lutocline, which, combined with the non-Newtonian rheology of the clay, suppressed the turbulence. 639 

As with the silica flour flows, the high-frequency head velocity fluctuations in the clay flows could 640 

have been related to the formation of lobes and clefts, and waves on the water surface. 641 

The length of the flume limited the acquisition of a full range of runout distances for the LDTCs and 642 

HDTCs. Within the available range of data, suspended sediment concentration shows an inverse, 643 

linear, relationship with runout distance (Fig. 11B). Similar to the deposits of the silica flour flows, 644 

the deposits of the clay flows changed from wedge-shaped with a block-shaped extension to wedge-645 

shaped without an extension, as the flow type changed from HDTC via CMF to slide (Figs 7, 10; Table 646 

3). The deposits of the 25% and 27% kaolinite flows and the 18% and 19% bentonite flows showed 647 

distinct depressions (Figs 7, 10; Table 3), analogous to the depressions described for the deposits of 648 

the 50% and 51% silica flour flows. This range of shapes can therefore be interpreted in a similar 649 

way, yet with cohesive force rather than frictional force competing against turbulent forces for the 650 

clay-laden flows. Hence, strong cohesive forces caused rapid bulk settling of clay gels within the 651 

reservoir and down to x = 1 m, and turbulent forces within the HDTCs were able to move part of the 652 
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clay into the flume and form block-shaped deposits with an abrupt termination associated with 653 

cohesive freezing. The flow stretching mechanism of Elverhøi et al. (2005) explains the depression in 654 

the deposits of the flows that showed hydroplaning. Interestingly, hydroplaning below the 25% 655 

kaolinite flows appeared to have encouraged the head to detach completely from the body and form 656 

an outrunner block. This zero-thickness depression was found 1.37 m behind the front of the 657 

deposit, implying that the detached head stretched after separating from the body. Variations in the 658 

forward velocity of the head, neck and body of the flows, which was used to explain the origin of the 659 

depression in the deposits of the high-concentration silica flour flows, may also apply to the clay 660 

flows. A lack of hydroplaning and internal variations in flow velocity explain the absence of a 661 

depression in the slides laden with kaolinite and bentonite, which had such a strong network of clay 662 

particle bonds that they only flowed a short distance from the reservoir.  663 

TOWARDS A UNIFIED MODEL FOR HEAD VELOCITY AND RUN-OUT DISTANCE 664 

Effect of sediment type on maximum head velocity and run-out distance 665 

A comparison of the flows and the deposits for the three sediment types reveals large differences, 666 

mostly relating to their contrasting rheological properties. From silica flour via kaolinite to bentonite, 667 

a progressively smaller volumetric suspended sediment concentration is required to produce a 668 

comparable runout distance (Fig. 11B). This suggests that the density difference between flow and 669 

ambient water as well as the type of sediment controlled the runout distance. Bentonite clay is more 670 

cohesive than kaolinite clay (Yong et al. 2012). Bentonite therefore creates a stronger network of 671 

particle bonds and resists stronger turbulent forces than kaolinite at similar suspended sediment 672 

concentrations, leading to weaker particle support and shorter runout distances. Extremely high 673 

concentrations of silica flour were needed to produce flows with a comparable runout distance to 674 

the kaolinite and bentonite flows. The fully or near to cohesionless nature of silica flour impedes 675 

electrostatic forces that encourage particle attractions (Baas et al. 2005; Felix and Peakall 2006). 676 

Therefore, very high suspended sediment concentrations are needed to make the flow sufficiently 677 

viscous and produce enough frictional strength between individual particles to suppress turbulence 678 

and thus resist the density difference between the suspension and the ambient water, which drives 679 

the flow at lower C-values (Mutti et al. 1999; Kane et al. 2009).  680 

For flows with C ≤ 10%, the maximum head velocity increased with increasing sediment 681 

concentration in a similar way across the three sediment types (Fig. 11A). This implies that the flows 682 

were driven purely by the density difference at these low concentrations, and that any cohesive and 683 

frictional forces were unable to attenuate the turbulence. For flows with C > 10%, the maximum 684 

head velocities started to diverge, and the cohesive forces within the kaolinite and bentonite flows 685 
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started to influence the dynamic structure of these flows by attenuating the turbulence, changing 686 

the flows from turbulent to transitional (Baas et al. 2009). However, the density difference remained 687 

the dominant driving force, considering the positive correlation between maximum head velocity 688 

and suspended sediment concentration (Fig. 11A). The maximum head velocity of the clay flows kept 689 

increasing at a decreasing rate until a maximum was reached, which is inferred to indicate the stage 690 

where flow deceleration by gelling exceeds flow acceleration by density difference. The 691 

experimental data also show that a stronger balance in favor of cohesive and frictional forces 692 

produces a rapid reduction in the maximum head velocity of the flows with increasing volume 693 

concentration, once the maximum Uh,m-value has been exceeded (Fig. 11A). The maximum head 694 

velocity of the bentonite flows was consistently lower than that of the kaolinite flows for C ≥ 15%, 695 

showing the ability of the bentonite to form a stronger network of particle bonds than the kaolinite. 696 

Remarkably, the non-cohesive silica flour flows remained fully turbulent for all C-values where the 697 

kaolinite and bentonite flows behaved as HDTCs, CMFs, and slides, or were too cohesive to flow at 698 

all. The silica flour also produced a convex upward curve in Fig. 11A, but for this sediment type 699 

frictional forces, rather than cohesive forces, started to outcompete the excess density at much 700 

higher concentrations than for kaolinite and bentonite.  701 

Dimensional analysis of maximum head velocity and run-out distance 702 

Figure 11A reveals that the bentonite, kaolinite, and silica flour flows reacted in a similar way to 703 

changes in initial suspended sediment concentration, driven by density difference at low C-values 704 

and by cohesive and frictional forces at high C-values. It should therefore be possible to describe the 705 

changes in flow behavior in terms of differences in rheological properties. Below, is it shown that the 706 

initial yield stress of the clay suspension in the reservoir can be used to delineate flow type, 707 

determine a dimensionless maximum head velocity and determine a run-out distance largely 708 

independent of clay type. We hypothesized that the yield stress governs the ability of the clay 709 

suspension to leave the reservoir after lifting the lock gate. If the suspension is able to move out of 710 

the reservoir, this yield stress then controls the spatial evolution of the head velocity and the run-711 

out distance of the flow related to the conversion from potential energy to kinetic energy. Testing 712 

this hypothesis required several analytical steps: (a) non-dimensionalising the velocity curves in Fig. 713 

11A, so that the data collapse onto a single curve; (b) determining functional relationships between 714 

sediment concentration and initial yield stress, based on the available rheometrical data for 715 

bentonite and kaolinite; (c) converting the collapsed curve for head velocity from dimensionless 716 

sediment concentration to yield stress; (d) delimiting initial yield stress ranges for LDTCs, HDTCs, 717 

mud flows and slides, and; (e) establishing a functional relationship between initial yield stress and 718 

run-out distance. 719 
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The maximum head velocities for the experimental bentonite, kaolinite, and silica flour flows (Fig. 720 

11A) were collapsed using the following best-fit equations: 721 

,  . ,               for 0   ,    (1a) 722 

, 1  . ,   for     ,    (1b) 723 

where Uh is the maximum head velocity of the flow, Uh,m is the highest value of Uh for the sediment 724 

type under consideration (i.e., 0.75 m s−1 for silica flour, 0.50 m s−1 for kaolinite, and 0.37 m s−1 for 725 

bentonite; Table 2), Cm is the suspended sediment concentration at Uh,m (47% for silica flour, 22% for 726 

kaolinite, and 16% for bentonite), and C0 is the threshold concentration above which the flow is not 727 

mobile enough to leave the reservoir (Uh = 0). The C0-values were derived by extrapolation of the 728 

experimental data to Uh = 0, yielding 20.5% for bentonite, 30.5% for kaolinite, and 53% for silica 729 

flour.  730 

The best-fit Equations 1a and 1b have high R2 values (Fig. 12), confirming that the head velocity 731 

curves for the bentonite, kaolinite, and silica flour flows have a similar profile. Equation 1a describes 732 

the effect of density difference on head velocity in flows where turbulence is dominant, and 733 

cohesive and frictional forces have a small influence on flow dynamics, or no influence at all. The 734 

power in Equation 1a is similar to the power of 0.5 in the well-known relationship between density 735 

difference and head velocity for experimental density currents of Middleton (1966): 736 

0.75 . ,     (2) 737 

where ρf is the flow density, ρa is the density of the ambient water, g is the gravity constant, and H is 738 

the flow thickness. Here, ρf = ρsC+ρa(1−C) = ρa[C(s−1)+1], where ρs is the sediment density, and s is 739 

the specific density of the sediment, ρs/ρa. The square-bracketed term in Equation 2 is equal to 740 

(g�H)½, where g� = gs’C is the reduced gravity of the sediment, where gs’ = (1−s)g. Since the 741 

densiometric Froude number is defined by Fr’ = Uh/(g�H)½, Equation 2 states that the head velocity is 742 

governed by a densiometric Froude number of 0.75.  Each head velocity in Table 2 has a Froude 743 

number associated with it, which was determined using the position, xh, of the maximum head 744 

velocity in the profiles in Figs 3, 6 and 9, and the conservation of volume per unit width re-arranged 745 

for flow thickness H = A/(0.31+xh), where A = 0.1085 m2 is the cross-sectional area of the reservoir, 746 

and 0.31 m refers to the length of the reservoir. Table 2 shows that Fr’ = 0.75 is reasonable for most 747 

experiments. However, there were experiments where Fr’ > 1, which correspond to Uh-values 748 

occurring at greater distances from the reservoir gate (e.g., Figs 6 and 9). This procedure is 749 

consistent with Huppert and Simpson’s (1980) Froude number parameterization of gravity flow in 750 
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terms of the flow height to water depth ratio. Equation 1b describes the flows where the cohesive 751 

and frictional forces outbalanced the density difference and reduced the head velocity. The effect of 752 

these forces on head velocity is exponential, probably because the clay gelling and frictional 753 

interaction also caused rapid loss of turbulent particle support. Below, the exponents in Equations 754 

1a and 1b are rounded to 0.5 and 3, respectively. These approximations do not cause a significant 755 

reduction in the R2-values. 756 

In the next step of the dimensional analysis, the dimensionless maximum head velocity, Uh/Uh,m, was 757 

related to the initial yield stress, τy, by using the dependence of yield stress on suspended clay 758 

concentration, summarized in Table 2. These rheometrical data are available only for kaolinite and 759 

bentonite clay at volume concentrations greater than 1% (Table 2). The yield stresses for the 760 

bentonite and kaolinite suspensions that produced the flows with maximum head velocities driven 761 

by the density difference with the ambient water (C ≤ Cm) collapse well if plotted against C/Cm (Fig. 762 

13A). This relationship can be described by a power law: 763 

,  ⁄ ,   for 0  ,    (3a) 764 

with R2 = 0.94 and τy,m = 37.9 N m−2. τy,m is the yield stress at Uh = Uh,m and C = Cm. Hence, 37.9 N m−2 765 

is the estimated initial yield stress at which the flow maximum head velocity changed from being 766 

dominated by the density difference with the ambient water to being dominated by cohesive forces, 767 

independent of clay type. The yield stresses of the bentonite and kaolinite suspensions that 768 

produced the flows with maximum head velocities dominated by cohesion (C > Cm) collapse if 769 

plotted against (C−Cm)/(C0−Cm) (Fig. 13B): 770 

, , , ,   for   ,  (3b) 771 

where τy,0 = 271 N m−2. τy,0 is the estimated yield stress at C = C0 and Uh = 0, thus representing the 772 

yield stress above which the clay suspensions did not leave the reservoir, regardless of clay type.  773 

Equations 1a, 1b, 3a and 3b can now be combined to derive relationships between τy and Uh/Uh,m 774 

(Fig. 14): 775 

, ,
/ ,   for 0   , ,    (4a) 776 

, ,, , ,   for ,    ,    (4b) 777 

In experiments where the runout distance was beyond the end of the tank, Hallworth et al.’s (1998) 778 

box model was used to estimate the expected run-out distance. This model, which is for non-779 
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cohesive flows, assumes that the Froude number at the head of the flow is constant, the volume is 780 

conserved, and the settling is unhindered. The run-out distance, x0, corresponding to the time for all 781 

the sediment to settle out, is: 782 1.6 0.351 / /       (5) 783 

where ws = gs�D50
2/18ν is the Stokes settling velocity, and ν is the kinematic viscosity. Hallworth and 784 

Huppert (1998) demonstrated that Hallworth et al.’s (1998) model predicts the run-out distance 785 

well, provided that C < 15%. It can be shown that the x0-values calculated from Equation 5 for 1% ≤ C 786 

≤ 15% in the present experiments are greater than 4.69 m (cf. Fig. 15A). 787 

The dependence of run-out distance on concentration for the high-concentration flows in Fig. 11B is 788 

approximately linear. Therefore, anticipating that there is a crossover between this straight line fit 789 

and the run-out distance of the low-concentration flows, predicted by Equation 5, a composite best-790 

fit equation for x0/x0,m can be defined as: 791 

, / ,   for 0   ,     (6a) 792 

, ,       for     ,     (6b) 793 

where Cm1 is the concentration at which the maximum run-out distance, x0,m, is reached, Cm1 < Cm, 794 

and x0,m = 1.6[0.351gs�Cm1A3/ws
2]1/5, with Cm1 = 14.8% for silica flour, Cm1 = 0.034% for kaolinite and 795 

Cm1 = 0.01% for bentonite. Interestingly, the maximum run-out distances are similar for all three 796 

sediments: x0,m = 27.1 m for silica flour, x0,m = 14.1 m for kaolinite, and x0,m = 16.9 m for bentonite 797 

(Fig. 15A). The linear fit to the data based on Equation 6b yielded R2 = 0.97 (Fig. 15B). 798 

Equations 3 and 6 can now be combined to derive relationships between τy and x0/x0,m: 799 

,
,

/ , for 0  , ,/ , / ,    for ,  , ,1 ,, ,
/ , for ,  , ,    (7) 800 

where τy,m1 = τy,m(Cm1/Cm)3, with τy,m1 = 1.3×10−7 N m−2 for kaolinite and τy,m1 = 8.4×10−9 N m−2 for 801 

bentonite. Since Cm1 and τy,m1 for kaolinite and bentonite are small compared to C0 and τy, Equation 7 802 

can be approximated by: 803 

, 1 ,
/ ,                       for 0   , ,    (8a) 804 

, 1 1 ,, ,
/ ,   for ,  , ,   (8b) 805 
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with x0 ultimately tending to zero as τy,0 tends to zero. In Equation 8, only x0,m is dependent on the 806 

box model. Figure 16 shows the relationship between x0/x0,m and yield stress for kaolinite and 807 

bentonite. Most of the variation in x0/x0,m is controlled by τy. However, there is also some variation 808 

caused by sediment type as a result of Cm/C0 in Equation 8, with Cm/C0 = 0.72 for kaolinite and Cm/C0 809 

= 0.78 for bentonite. Averaging this small variation, and taking an average x0,m-value of 15.5 m from 810 

Fig. 15A, yield the following relationships between x0 and τy:   811 

0.25 , ,
/ ,                       for 0   , ,     (9a) 812 

0.25 , 1 ,, ,
/ ,   for ,  , ,  (9b) 813 

As τy,m and τy,0 are also constant, Equation 9 thus supports the hypothesis that the yield stress of the 814 

clay suspensions in the reservoir governs the travel distance of the clay flows after lifting the lock 815 

gate. 816 

YIELD STRESS AS AN INDEPENDENT PARAMETER TO DESCRIBE FLOWS AND 817 

DEPOSITS 818 

The above dimensional analysis demonstrates that fine-grained SGFs go through similar stages of 819 

flow dynamics and deposit properties with increasing initial suspended sediment concentration. The 820 

differences in the cohesive properties of the clay suspensions were accounted for by converting 821 

suspended sediment concentration to yield stress. This indicates that yield stress is a primary control 822 

on the head velocity and the run-out distance. Equation 4 allows Uh/Uh,m of a cohesive SGF to be 823 

estimated from the initial yield stress in a straightforward manner, independent of clay type. In 824 

addition, Equation 9 provides a simple tool for computing the runout distance of a cohesive SGF 825 

from its initial yield stress, also independent of clay type. At present, however, the determination of 826 

the maximum head velocity requires knowledge of Uh,m, which is dependent on clay type. The 827 

dimensional analysis is based on the initial τy -value of the suspensions within the reservoir. Once 828 

flowing out of the reservoir, the yield stress of these suspensions can be expected to vary in space 829 

and time as a result of mixing with ambient water and sediment deposition, as clay bonds break and 830 

reform under the changing flow stresses. However, the results of the dimensional analysis imply that 831 

these variations have little effect on the non-dimensional maximum head velocity and the run-out 832 

distance of these experimental flows, if the yield stress of the bentonite and kaolinite clay in the 833 

reservoir is identical.  834 
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Table 3 summarizes the properties of the LDTCs, HDTCs, mud flows and slides, and their deposits. 835 

Despite the large differences in initial suspended sediment concentration of the three types of 836 

sediment, these flow types have similar shapes, internal dynamics, and deposit shapes. The HDTCs 837 

produced deposits that were wedge-shaped with a block-shaped extension, the CMFs and NCMF 838 

produced wedge-shaped deposits with outrunner blocks, and the slides produced wedge-shaped 839 

deposits without extension (Table 3). These deposit shapes were clearly linked to the flow behavior 840 

of the fine-grained SGFs and the balance between the processes that promote and impede flow. The 841 

properties of the four flow types and their deposits are bracketed in terms of yield stress in Table 3. 842 

LDTCs change to HDTCs at τy-values of c. 16-22 N m−2, the boundary between HDTCs and CMFs is at 843 

τy ≈ 67-94 N m−2, and slides are stable between τy ≈ 119-141 N m−2 and τy ≈ 271 N m−2.  844 

WIDER IMPLICATIONS 845 

The present laboratory experiments are a suitable starting point for determining the dynamic 846 

properties, run-out distance, and deposit geometry of fine-grained SGFs in the natural environment, 847 

based on differences in rheology. However, quantitative scaling of the experimental results to 848 

natural flows and their deposits is not possible at present, principally because the best-fit 849 

coefficients in Equations 1 and 4-9 and the value of τy,m might be dependent on the experimental 850 

setup. For example, the experiments were limited to flows carrying a single sediment type and 851 

moving across a horizontal bed with a low bed roughness, and to a single set of potential energies, 852 

controlled by the height of the suspension column in the reservoir.  853 

Notwithstanding these limitations, the experimental data can be used to make a qualitative 854 

comparison with full-scale flows in nature. The laboratory flows with C ≤ 10% behaved in a similar 855 

manner for the three sediment types, with turbulence dominating these flows and the sediment 856 

particles unable to form high enough frictional forces or electrostatic forces of attraction to limit 857 

flow mobility. It is expected that the shape of the deposits of these low-density turbidity currents is 858 

also independent of the cohesive properties of the sediment, although a longer lock-exchange tank 859 

is needed to test this hypothesis. Based on previous work (e.g., Middleton 1967; Lüthi 1981; 860 

Bonnecaze et al. 1993; Amy et al. 2005), these turbidite deposits should be elongate, thin and 861 

wedge-shaped. The threshold concentration of 10% might be higher for natural flows, since full-scale 862 

turbidity currents are often more turbulent (Talling et al. 2013), and therefore more likely to break 863 

the bonds between clay particles, than laboratory-scale turbidity currents. For practical purposes, 864 

this outcome implies that the deposits of clay-sized and fine-silt sized LDTCs can be interpreted in 865 

terms of turbulence properties and density difference with the ambient water, and that the type of 866 

sediment and yield stress can be ignored, even if these flows carry strongly cohesive clay minerals, 867 
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such as bentonite. In other words, clay- and silt-laden LDTCs have similar flow efficiencies (sensu 868 

Mutti et al. 1999) 869 

In contrast, the type of sediment and the yield stress need to be taken into account for most HDTCs, 870 

mud flows, and slides. These high-density SGFs should generally transport weakly cohesive kaolinite 871 

over a greater distance than strongly cohesive bentonite, whilst non-cohesive fine-grained SGFs are 872 

inferred to travel the greatest distance from the origin. Hence, the flow efficiency of HDTCs, mud 873 

flows, and slides is generally lower for bentonite than for kaolinite (Mutti et al. 1999). The high 874 

efficiency of the laboratory flows laden with up to 47% silica flour is remarkable, and the anticipated 875 

implications for natural flows are significant. These laboratory flows were driven by a high density 876 

difference with the ambient water, high turbulence intensity, and low particle settling velocity. 877 

Natural turbidity currents may be at least one order of magnitude faster than in the laboratory 878 

(Talling et al. 2013). Since turbulence intensity increases with increasing flow velocity (e.g., Baas et 879 

al. 2009), natural turbidity currents should be able to carry large volumes of silt-sized particles over 880 

long distances. This high sediment flux and long transport distance may even extend to sand-sized 881 

particles (cf., Talling et al. 2007), if turbulent forces are sufficiently strong to keep the sand particles 882 

in suspension and frictional forces between the sand particles are weak. It is clear that the run-out 883 

distance of SGFs also depends on other factors, such as flow volume, basin floor morphology and the 884 

ratio of cohesive to non-cohesive sediment (Talling 2013). However, it is concluded here that fine 885 

sediment type is a major control above suspended sediment concentrations that are equivalent to 886 

the laboratory threshold of 10%, and that flow efficiency reaches a maximum value at which 887 

frictional and cohesive forces become dominant over density difference and particle support by 888 

turbulence. Once past this maximum, the flow efficiency rapidly decreases.  889 

The rheological control on flow properties may also have significant implications for the geometry of 890 

high-density SGF deposits. It is expected that, at similar C-values, the deposits of high-density SGFs 891 

laden with weakly cohesive clay cover a larger surface area and have a smaller bed thickness than 892 

the deposits of high-density SGFs laden with strongly cohesive clay. Conversely, weakly cohesive clay 893 

beds may be thicker than their strongly cohesive equivalents, if these beds were formed by flows 894 

with the same initial yield strength, because flows laden with strongly cohesive clay carry a smaller 895 

volume of sediment, and were predicted to have approximately the same run-out distance as the 896 

flows laden with weakly cohesive clay (Fig. 16; Equation 9). 897 

Kaolinite and bentonite are the weakly and strongly cohesive end members of a suite of clay 898 

minerals that are common in nature (Table 1). Illite and chlorite are clay minerals of intermediate 899 

cohesive strength. Further work is needed to verify if the rheological model for kaolinite and 900 
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bentonite SGFs presented in this study is also valid for chlorite and illite SGFs, and also stretches to 901 

SGFs that carry mixtures of clay minerals. This study covered the entire spectrum from non-cohesive 902 

to strongly cohesive sediment, so it is appropriate to hypothesize that measuring the relationship 903 

between yield stress and suspended sediment concentration for, for example, illite, chlorite and 904 

mixed clay minerals. is sufficient to determine the flow dynamics, run-out distance and deposit 905 

shape of SGFs laden with these types of sediments, notwithstanding the limitations described above. 906 

This hypothesis assumes that other clay minerals do not have more complex rheological properties 907 

than kaolinite and bentonite. 908 

With time, recurring SGF events build the architecture of larger-scale sediment bodies, such as 909 

channel fills, levees, and lobes in submarine fans. It follows from the above discussion that this 910 

architecture may be different for flows that carry different types of clay minerals and non-cohesive 911 

fine sediment, especially if HDTCs, mud flows and slides constitute a major portion of this 912 

architecture. Other potential geological applications of this study include: (i) a better delineation of 913 

the rheological properties of SGFs that form LDTC deposits, HDTC deposits, debris flows, slides in 914 

core and outcrop, and; (ii) rheological characterization of modern turbidity currents in lakes and 915 

oceans, based on novel techniques for measuring flow velocity and suspended sediment 916 

concentration (e.g., Sumner and Paull 2014).  917 

CONCLUSIONS 918 

The present laboratory experiments show that both sediment type and suspended sediment 919 

concentration control the flow properties and the deposits of fine-grained SGFs. At low 920 

concentrations, the dominant turbulent forces prevent electrochemical binding and frictional 921 

interaction between the particles, and the density difference with the ambient water drives the 922 

flow, thus producing similar behavior between flows laden with sediment of contrasting cohesive 923 

properties. At high concentrations, however, cohesive and frictional forces outbalance turbulent 924 

forces, leading to decreased particle support within the flow. Consequently, non-cohesive silica flour 925 

flows produce a greater run-out distance and a higher maximum head velocity than weakly cohesive 926 

kaolinite flows of similar density. This difference in flow behavior is even greater for strongly 927 

cohesive bentonite flows, which have the shortest run-out distances and the lowest maximum head 928 

velocities. The change in flow behavior controlled by density difference and turbulent forces to flow 929 

behavior controlled by cohesive or frictional forces increased from 16% for bentonite via 22% for 930 

kaolinite to 47% for silica flour. This threshold concentration for the silica flour flows is close to the 931 

cubic packing density of clastic sediment, which supports the idea that non-cohesive fine-grained 932 
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SGFs are turbulent and highly mobile up to very high densities, and friction between particles in an 933 

extremely dense suspension is required to impede flow.  934 

The SGFs laden with silica flour, kaolinite, and bentonite all changed from LDTCs via HDTCs and mud 935 

flows to slides, as the suspended sediment concentration was increased. Within the limits of the 936 

experimental setup, these flow types have similar flow properties and produce similar deposit 937 

shapes. The initial yield stress of the pre-failure suspension defines the transition between these 938 

flow types, and the initial yield stress also governs the dimensionless maximum head velocity and 939 

the run-out distance of these SGFs, independent of clay type. In other words, the present study 940 

demonstrates that yield stress is a primary control on the momentum and the run-out distance of 941 

fine-grained sediment gravity flows. 942 

This laboratory study provides an exciting platform for increasing the understanding and the 943 

predictive ability of the shape and the run-out length of the deposits of natural fine-grained SGFs. 944 

The effect of the cohesive properties of the suspended sediment on deposit geometry can be 945 

ignored only at C ≤ 10%. Above this concentration, the run-out length of the deposits increases, as 946 

the cohesive properties of the suspended sediment decrease. However, it should be noted that this 947 

threshold concentration is probably higher for natural flows, because these are often more turbulent 948 

than the laboratory flows. The differences in the geometry of deposits from flows laden with fine-949 

grained sediment of contrasting cohesive strength may be reflected in differences in the architecture 950 

of stacked fine-grained SGF deposits.  951 
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FIGURE CAPTIONS 1134 

Figure 1: Experimental setup. HD = high-definition. 1135 

Figure 2: Video snapshot of the (A) fully turbulent 5% silica flour flow at t = 8.00 s and at x = 1.80 m 1136 

along the tank; (B) Head of the 25% silica flour flow, which was also turbulence-dominated, at t = 1137 

1.70 s and x = 0.90 m; (C) Two-layer structure of the HDTC laden with 48% silica flour at t = 3.40 s 1138 

and x = 1.80 m; (D) Final stages of the 52% silica flour slide at t = 7.44 s and x = 0.55 m. Length of 1139 

scale bar is 25 mm. 1140 

Figure 3: Changes in the head velocity of the silica flour flows with (A) 1% ≤ C ≤ 44%, and (B) 46% ≤ C 1141 

≤ 52%, along the length of the lock-exchange tank. The red, blue, green, and black colors indicate 1142 

low-density turbidity currents, high-density turbidity currents, non-cohesive mud flow, and slide, 1143 

respectively. 1144 

Figure 4: Deposit thickness against distance along the tank for all silica flour flows with measurable 1145 

run-out distance. See Fig. 3 for explanation of line colors. 1146 

Figure 5: (A) Head of the 22% kaolinite flow at t = 3.50 s and x = 1.50 m; this HDTC hydroplaned and 1147 

was divided into three parts; the arrows highlight the FES; (B) Rounded head of the hydroplaning 1148 



39 
 

25% kaolinite-laden HDTC at t = 2.36s and x = 0.87 m; (C) Pointed head of the mud flow with C = 27% 1149 

at t = 3.50 s and x = 0.89 m; small tension cracks, shown by the arrows, are visible on the top of the 1150 

head of the flow; (D) Rounded head of the slide with C = 29% at t = 2.50 s and x = 0.35 m. Length of 1151 

scale bar is 25 mm. 1152 

 1153 

Figure 6: Changes in the head velocity of the kaolinite flows with (A) 1% ≤ C ≤ 15%, and (B) 22% ≤ C ≤ 1154 

29%, along the length of the lock-exchange tank. See Fig. 3 for explanation of line colors. 1155 

Figure 7: Deposit thickness against distance along the tank for all kaolinite flows with measurable 1156 

run-out distance. See Fig. 3 for explanation of line colors. 1157 

Figure 8: (A) Tripartite head of the 16% bentonite flow at t = 6.07 s and x = 1.77 m; a cohesive packet 1158 

of clay is visible at the base of the head of this HDTC; the arrow highlights a FES; (B) Head of the 17% 1159 

bentonite flow at t = 5.40 s and x = 1.49 m; the horizontal sheets and angled FES are shown by the 1160 

dashed and solid arrows, respectively; (C) Mud flow laden with 19% bentonite, showing a folded 1161 

head, at t = 2.73 s and x = 0.56 m; (D) Front of the 20% bentonite slide at t = 5.43 s and x = 0.13 m. 1162 

Length of scale bar is 25 mm.  1163 

Figure 9: Changes in the head velocity of the bentonite flows with (A) 1% ≤ C ≤ 15%, and (B) 16% ≤ C 1164 

≤ 20%, along the length of the lock-exchange tank. See Fig. 3 for explanation of line colors. Blue 1165 

dashed line in (A) denotes extrapolated velocity to the recorded run-out distance.  1166 

Figure 10: Deposit thickness against distance along the tank for all bentonite flows with measurable 1167 

run-out distance. See Fig. 3 for explanation of line colors. Dashed end of the deposit for the 15% flow 1168 

was beyond the reach of the SEATEK ranging system, and was measured by hand instead. 1169 

Figure 11: (A) Maximum head velocity and (B) deposit run-out distance against suspended sediment 1170 

concentration for the three sediment types.  1171 

Figure 12: Non-dimensional relationship between C and Uh for the kaolinite, bentonite, and silica 1172 

flour flows. Dots represent experimental data. Solid lines denote best-fit curves (Equations 1a, b).  1173 

Figure 13: (A) C/Cm against yield stress for bentonite and kaolinite. (B) (C-Cm)/(C0-Cm) against yield 1174 

stress for bentonite and kaolinite. Dots represent experimental data. Solid lines denote best-fit 1175 

curves (Equations 3a, b).  1176 

Figure 14: Uh/Uh,m against yield stress for kaolinite and bentonite. Dots represent experimental data. 1177 

Solid line denotes best-fit curve (Equations 4a, b). LDTC = low-density turbidity current; HDTC = high-1178 
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density turbidity current; CMF = cohesive mud flow. Boundaries between flow types are average 1179 

yield stress values based on the ranges in Table 3. 1180 

Figure 15: (A) Run-out distance, x0, against dimensionless concentration, C/C0 for all flows. Dots 1181 

represent experimental data. Solid lines represent fit to the data (Equation 6b), and dashed lines 1182 

represent predictions by Hallworth and Huppert (1998) for low-concentration flows (Equation 5) The 1183 

cross-over between these lines denotes the predicted maximum run-out distance, x0,m. (B) fit of 1184 

x0/x0,m to (C-Cm)/(C0-Cm) for all the experiment data. 1185 

Figure 16: Dimensionless run-out distances of the clay flows, or deposit length, against yield stress 1186 

for kaolinite and bentonite. Dots represent experimental data. Solid lines denote curves according to 1187 

Equation 8. LDTC = low-density turbidity current; HDTC = high-density turbidity current; CMF = 1188 

cohesive mud flow. Boundaries between flow types are average yield stress values based on the 1189 

ranges in Table 3. 1190 



































 Table 1: Typical values of thickness, size, specific surface area, and cation 

exchange capacity of common clay minerals. Bentonite is part of the 

montmorillonite group of clay minerals. The clay minerals are sorted from 

small to large. Modified after Hillel (2003) and Yong et al. (2012). 



1 

Table 2: Experimental data. TC = turbidity current. * Froude number calculated with an H given by volume 

conservation (see Dimensional analysis of maximum head velocity and run-out distance).  

 

 
 

Run 
number 

Sediment 
type 

Initial 
sediment 

concentration 
C (vol %) 

Run-out
distance 

(m) 

Maximum
head velocity 

(m s−1) 

Froude
Number * 

(-) 

Yield 
stress 

(N m−2) 

Flow type

1 Silica flour 1 - 0.11 0.81 - Low-density TC
2 Silica flour 5 - 0.24 0.90 - Low-density TC
3 Silica flour 10 - 0.34 0.95 - Low-density TC
4 Silica flour 15 - 0.45 0.68 - Low-density TC
5 Silica flour 25 - 0.58 0.72 - Low-density TC
6 Silica flour 40 - 0.69 0.76 - Low-density TC
7 Silica flour 44 - 0.71 0.68 - Low-density TC
8 Silica flour 46 - 0.75 0.81 - High-density TC
9 Silica flour 47 4.66 0.75 0.71 - High-density TC

10 Silica flour 48 3.68 0.71 0.64 - High-density TC
11 Silica flour 49 2.82 0.71 0.66 - High-density TC
12 Silica flour 50 1.53 0.64 0.57 - High-density TC
13 Silica flour 51 0.96 0.61 0.49 - Mud flow
14 Silica flour 52 0.49 0.29 0.20 - Slide
15 Kaolinite 1 - 0.11 0.70 - Low-density TC
16 Kaolinite  5 - 0.28 0.65 0.34 Low-density TC
17 Kaolinite  10 - 0.33 0.63 8.77 Low-density TC
18 Kaolinite  15 - 0.41 1.22 15.5 Low-density TC
19 Kaolinite  22 4.35 0.48 0.87 41.2 High-density TC
20 Kaolinite  23 3.66 0.48 0.66 - High-density TC
21 Kaolinite  25 2.09 0.46 0.56 67.2 High-density TC
22 Kaolinite  27 1.01 0.40 0.37 93.8 Mud flow
23 Kaolinite  29 0.45 0.13 0.12 141.2 Slide
24 Bentonite 1 - 0.10 0.71 - Low-density TC
25 Bentonite  5 - 0.23 0.92 0.77 Low-density TC
26 Bentonite  10 - 0.31 1.12 7.35 Low-density TC
27 Bentonite  15 4.66 0.35 0.56 21.7 High-density TC
28 Bentonite  16 3.77 0.37 1.20 28.9 High-density TC
29 Bentonite  17 3.12 0.35 0.96 34.7 High-density TC
30 Bentonite  18 1.42 0.27 0.53 37.0 Mud flow
31 Bentonite  19 1.22 0.25 0.42 119.0 Mud flow
32 Bentonite  20 0.22 0.05 0.06 217.3 Slide



 

Table 3: Summary of flow and deposit properties. Dimensional height is relative to the maximum thickness of the deposit. Dimensionless distance is relative 

to the run-out distance.  

 Low-density turbidity current 
(LDTC) 

High-density turbidity current 
(HDTC) 

Cohesive and non-cohesive mud 
flow (CMF/NCMF) 

Slide 

Visual flow 
properties  

Fully turbulent; uniform colour;  
mixing with ambient water  

Dense lower layer and dilute 
upper layer; mixing with ambient 
water  

Weak to no internal turbulence;  
some sediment entrained at top, 
producing dilute sediment cloud  

Coherent mass without 
significant internal deformation  

Flow shape 
and 
internal 
structures 

Deposit 
shape 

 
 
 

Not measured, but probably 
elongate, thin and wedge-shaped 

(cf., Amy et al., 2005) 

Range of  
C-values 

Silica flour: C ≤ 44% 
Kaolinite: C ≤ 15%, 
Bentonite: C ≤ 10% 

Silica flour: 46% ≤ C ≤ 50% 
Kaolinite: 22% ≤ C ≤ 25% 
Bentonite: 15% ≤ C ≤ 17% 

Silica flour: C = 51% 
Kaolinite: C = 27%  
Bentonite: 18% ≤ C ≤ 19% 

Silica flour: C = 52% 
Kaolinite: C = 29% 
Bentonite: C = 20% 

Yield stress 
boundaries  

Lower boundary: 0 N m-2 

Upper boundary: 16-22 N m-2 
Lower boundary: 16-22 N m-2

Upper boundary: 67-94 N m-2 
Lower boundary: 67-94 N m-2

Upper boundary: 119-141 N m-2 
Lower boundary: 119-141 N m-2

Upper boundary: 268 N m-2 
 

Bentonite

Kaolinite

Silica flour
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