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ABSTRACT 18 

Turbidity currents flowing across the ocean floor encounter changes of the local bathymetry 19 

including abrupt reductions in slope gradient also known as slope breaks. Turbidity currents 20 

flowing across a slope break will change their flow dynamics and may start to deposit as a 21 

consequence. Previous experiments on turbidity currents crossing a slope break have indeed 22 

observed abrupt changes of flow dynamics by the formation of a hydraulic jump, i.e., the 23 

transformation from Froude super- to subcritical flow. However, in these previous 24 

experiments the link between the flow dynamics and the onset of deposition by the flow 25 

downstream of the slope break is rather unclear due to the overall depletive and highly 26 

depositional character of the turbidity currents. In this paper, Shields-scaled turbidity currents 27 

were used to observe the flow dynamics of none-depositional supercritical flows that only 28 

started to deposit after passing a slope break. Hydraulic jumps only occurred in experiments 29 

where rapid deposition of sediment created an adverse slope downstream of the slope break, 30 

which resulted in significant deceleration and chocking of the flow. All flows crossing a slope 31 

break showed a thickness increase of the wall-region (i.e. the portion of the flow below the 32 

velocity maximum) resulting in a shear velocity decrease, which reduced the sediment 33 

suspension capacity.  Estimated capacity parameters were below unity suggesting capacity-34 

driven deposition. However, the calculated capacity parameters underestimated of the flow 35 

capacity. Because capacity-driven deposition is independent of grain size, the resulting 36 

deposits should reassemble the sediment characteristics at the flow base. The deposits in the 37 

experiments were, however, coarser and better sorted than the sediment suspended at the flow 38 

base. This discrepancy implies that both flow capacity and grain-size (competence) controlled 39 

the deposition downstream of a slope break. 40 

  41 
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INTRODUCTION 42 

Turbidity currents are subaquatic sediment gravity flows and represent one of the most 43 

important agents for the distribution of sediment on Earth (Mutti et al., 2009; Talling et al., 44 

2015). Individual turbidity currents can last for days (Azpiroz-Zabala et al., 2017) and 45 

transport more sediment than the annual sediment flux of all terrestrial rivers combined 46 

(Talling et al., 2007). Turbidity currents transport sediment from the continental shelf down 47 

the continental slope into the deep-marine environment, where they deposit their sediment in 48 

deep-sea fans that serve as a final sediment sink (e.g. Normark, 1970; Bouma et al., 2012). 49 

Deep-sea fans hold reservoirs for natural resources such as hydrocarbons (Pettingill, 2004; 50 

Nilsen et al., 2008), mineral ores, and rare-earth elements (Kato et al., 2011; Hein et al., 51 

2013). More recently, deep-sea fans are shown to accumulate large quantities of organic 52 

matter (Galy et al., 2007; Hage et al., 2020) and serve as a sink for man-made pollutants such 53 

as plastics (Pohl et al., 2020b). Understanding the transportation and deposition mechanisms 54 

of turbidity currents, especially the onset of deposition, is of key interest to predict the 55 

distribution of turbiditic sediment and any other material on the ocean floor.  56 

Turbidity currents that flow down the relatively steep continental slope are usually none-57 

depositional or bypassing (e.g. Stevenson et al., 2015). Upon reaching the most distal part of 58 

the continental slope the flow continues on a much more gently dipping abyssal plane. This 59 

transition is typically marked by a slope break, i.e. a reduction in slope gradient, which affects 60 

the flow dynamics and often result in sediment deposition (e.g. Mutti & Normark, 1987). The 61 

impact of a slope break on turbidity current dynamics and deposits has been addressed in a 62 

number of laboratory experiments (Garcia & Parker, 1989; Garcia, 1993, 1994; Marr et al., 63 

2001; Mulder & Alexander, 2001; Gray et al., 2005, 2006; Toniolo et al., 2006; Islam & 64 

Imran, 2010; Pohl et al., 2020a) and in numerical studies (Choi & Garcia, 1995; Kostic & 65 

Parker, 2006, 2007; Cantero et al., 2014).  66 
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These studies show contrasting relations between the decrease in slope gradient and the 67 

dynamics and depositional signature of the turbidity currents. The Froude-scaled, but highly 68 

depletive, turbidity currents in some experiments were unable to bypass their sediment load 69 

even on the steep slopes upstream of the slope break, making it difficult to investigate the 70 

slope-break-induced transition from bypass to deposition.  71 

For example, the slope-break experiments of Garcia & Parker (1989) revealed no impact of 72 

the slope break on the deposit thickness, despite the formation of a hydraulic jump (i.e. the 73 

transition from supercritical to subcritical flow). A hydraulic jump results in enhanced 74 

turbulence that could give the flow an increased erosion potential and thinner deposits 75 

(Komar, 1971; Chanson, 2004). However, a hydraulic jump is a local phenomenon and the 76 

subcritical flow downstream of the jump is thicker, slower, and no longer able to keep all 77 

sediment in suspension, resulting in high sediment fallout rates and thicker deposits (e.g. 78 

Dorrell et al., 2016). Consequently, hydraulic jumps are associated with sediment deposition 79 

downstream of a slope break (e.g. Mutti & Normark, 1987; Lee et al., 2002; Brooks et al., 80 

2018), as well as with erosive structures such as scours in channel to lobe transition zones 81 

(Kenyon & Millington, 1995; Palanques et al., 1996; Wynn et al., 2002; Hofstra et al., 2015; 82 

Dorrell et al., 2016; Brooks et al., 2018). 83 

In contrast to the experiments of Garcia & Parker (1989), the experiments by Gray et al. 84 

(2005; 2006) revealed the absence of a hydraulic jump and a decrease in deposit thickness 85 

downstream of the slope break. Therefore, the authors provided an alternative mechanism to 86 

the hydraulic jump to explain observed decrease in deposit thickness. In their model, excess 87 

turbulence was produced due to the slope break, enabling the turbidity current to maintain 88 

more sediment in suspension, and thus enhance sediment transport downstream of the slope 89 

break (Gray et al., 2005, 2006). Increased turbulence production by a slope break was later 90 
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also demonstrated in supercritical turbidity currents (Islam & Imran, 2010). However, Islam 91 

& Imran (2010) did not provide results of any deposition from these flows. 92 

Mulder and Alexander (2001) studied the deposits of turbidity currents crossing a slope break 93 

with steeper slopes and higher sediment concentrations. The experiments revealed, in contrast 94 

to the decrease in deposit thickness of previous studies, an increase in deposit thickness 95 

downstream of the slope break. The increase in deposit thickness was explained as a result of 96 

a deceleration of the turbidity current on the gentler slope and a change of the turbulence 97 

intensity of the flow (Mulder & Alexander, 2001).  98 

In summary the contrasting results presented in the literature demonstrate that both the flow 99 

dynamics and the depositional signal of a turbidity current crossing a slope break are still a 100 

subject of debate. Previous experiments have used Froude-scaled turbidity currents that 101 

correctly reproduce the flow dynamics of turbidity currents crossing a slope break, but are 102 

unable to maintain a non-depositional state even on the steeper sections upstream of the slope 103 

break. More recently Shields-scaling has been applied to turbidity currents to scale both the 104 

flow dynamics as well as the sediment dynamics (de Leeuw et al., 2016). This paper presents 105 

flume experiments with Shields-scaled turbidity currents to simultaneously observe the flow 106 

dynamics and the resulting sediment deposition as an initially non-depositional turbidity 107 

current crosses a slope break. These experiments enable us to investigate the dynamics of 108 

turbidity currents associated to the onset of deposition at the slope break. The slope upstream 109 

and downstream of the break could be varied in steepness. This set-up enabled us to study 110 

how different slope break geometries control the transition from bypass to deposition. Three 111 

main research questions will be addressed: (i) What are the flow processes that control the 112 

onset of deposition downstream of a slope break? (ii) How is the depositional style of the 113 

turbidity current reflected in the depositional pattern? (iii) When does a slope break trigger the 114 

formation of a hydraulic jump? 115 
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METHODS 116 

Experimental setup and scaling 117 

To study the effect of a slope break on a bypassing turbidity current, the flows in the 118 

experiments need to bypass sediment on the incoming upper slope, upstream of the slope 119 

break. Shields scaling was used to generate such non-depletive, bypassing turbidity currents 120 

(sensu de Leeuw et al., 2016). Briefly, Shields scaling enforces two scaling parameters that 121 

are kept close to values encountered in real-world systems: The boundary Reynolds number, 122 

describing the hydraulic roughness condition of the sublayer, and the Shields parameter, 123 

which is the ratio between shear stress and the gravity force acting on particles (Shields, 124 

1936). This scaling approach generates relatively dense turbidity currents on steep slopes that 125 

can either bypass or deposit, solely based on morphologic changes in the experiment setup (de 126 

Leeuw et al., 2016, 2018a; b; Pohl et al., 2019, 2020a; Fernandes et al., 2020; Spychala et al., 127 

2020). A more specific description of the Shields scaling methodology, in particular for the 128 

experimental setup used for this study, can be found in Pohl et al. (2020a).  129 

An elongated flume tank (4 m long x 0.5 m high x 0.22 m wide) filled with fresh-water was 130 

separated into an upper slope segment of 1.7 m and a lower slope segment of 1.8 m separated 131 

by a slope break (Fig. 1). The gradient of both slope segments could be varied independently 132 

resulting in 14 experimental runs of which each had a different slope-break geometry (Table 133 

1). Fine-grained poorly-sorted sediment (d16: 57 µm, d50: 133 µm, d84: 194 µm; φ = 1.2; Fig. 134 

S1) was glued to the floor of the slope segments to create a rough surface to meet the Shields 135 

scaling requirements. A longitudinally oriented separation wall subdivided the flume tank into 136 

two, 0.1 m wide channels (see inset view in Fig. 1) minimizing the backflow effect that is 137 

generated in flumes to balance the ambient water that is dragged downstream at the top 138 

interface of the turbidity currents. The turbidity currents flowed in one of these channels 139 

leaving the other channel to replenish the fresh water without introducing additional friction. 140 
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At the downstream side of the flume tank was an expansion tank (3 m x 2 m x 1.8 m), where 141 

flows spread laterally, decelerated and dissipated (Fig. 1). 142 

To create the turbidity current, a mixture of sediment and fresh water with a volume of 0.45 143 

m³ was prepared in a separate mixing tank (Fig. 1). The sediment density was 2,650 kg m-³ 144 

and the grain size was the same as used for the floor of the slope segments. The sediment 145 

concentration of the initial mixture was set to 17% vol to meet the Shields scaling 146 

requirements. The mixture was released on the upper slope segment through an inlet box (Fig. 147 

1). The discharge was set to 12.5 m³ h-1 monitored with a discharge meter (Krohne Optiflux 148 

2300) and resulted in a current velocity of ~0.8 m s-1 at the inlet box and a flow duration of 149 

~100 s. At the end of an experiment, emptying of the mixing tank resulted in a decrease in 150 

discharge and a waning turbidity current that deposited a 7 – 10 mm thick sediment layer over 151 

the entire length of the flume. 152 

Pohl et al 2020b analysed an extensive range of combinations of upper and lower slopes. This 153 

paper focuses on the flow dynamics of a subset of those experiments. Pohl et al. 2020b 154 

established that bypass conditions in this set-up were achieved at slopes equal to or steeper 155 

than 6°. This paper therefore focusses on the experiments with an upper-slope segment of 6° 156 

and 8°. The lower slope segment was varied between 0° and 8° degrees to trigger the 157 

deposition from the turbidity current downstream of the slope break. The experiments include 158 

two geometrical setups without a slope break between the upper and lower slope segment 159 

(Run 7 and 14; Table 1). 160 

Data acquisition 161 

UVP measurements 162 

The velocity of the turbidity currents was recorded with an Ultrasonic Doppler Velocimetry 163 

Probe (UVP). The UVP was deployed on the lower slope at 2.3 m downstream of the inlet 164 
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box, elevated 0.11 m above the bed, and facing the upstream direction at an angle of α = 60° 165 

relative to the local bed (Fig. 2a). The UVP emitted an ultrasonic sound signal at a frequency 166 

of 1 MHz that was reflected back to the UVP by the suspended sediment grains. Here, grain 167 

motions cause a frequency shift of the reflected signal due to the Doppler-effect which 168 

yielded the velocity of the grains. Detailed UVP acquisition settings are provided in Table S1. 169 

Further information on the functions and limitations of UVPs can be found in Takeda, (1995) 170 

and in Lemmin & Rolland, (1997). 171 

An inclined UVP measures the velocity along the direction aligned with the orientation of the 172 

UVP (up; Fig. 2a). Pilot experiments with a bed-normal oriented probe showed that the bed-173 

normal velocitycomponent of the flows is close to zero and can be neglected. Thus, the bed-174 

parallel velocity component (ux) can be calculated with (Cartigny et al., 2013; Sequeiros et 175 

al., 2018): 176 

 cos( )x pu u α=  . (1) 177 

This results in an instantaneous velocity profile u(z) of the flow, with z as the bed-normal 178 

coordinate (Fig. 2b). 179 

The distance between the UVP and the bed is sometimes decreased over time due to sediment 180 

aggradations underneath the probe. This reduction in distance was tracked over time to correct 181 

the bed-normal coordinate (z) (Fig. S2). The instantaneous velocity profiles were averaged 182 

over time to obtain a smooth appearance. An averaging window was set to only collect 183 

velocity profiles within the main body of the flow. The velocity was averaged over a period of 184 

~80 s. The start of the averaging window was set ~20 s after the current head passed the UVP 185 

probe. The averaging window stopped before the current tail was deposited. 186 

The time-averaged velocity profiles were used to obtain the flow velocities and dimensions of 187 

the turbidity currents (Fig. 2b). The flow thickness (h) is defined here as the height at which 188 
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the velocity u(z) is half the velocity maximum (um) (following Launder & Rodi, 1983; Kneller 189 

& Buckee, 2000; Buckee et al., 2001; Gray et al., 2005). The height of the velocity maximum 190 

above the bed is hm and divides the turbidity current into two regions (e.g. Altinakar et al., 191 

1996; Kneller et al., 1999; Eggenhuisen & McCaffrey, 2012). This paper refers to the region 192 

below hm as the wall-region, with thickness hw, and to the region above hm as the mixing-193 

region, with thickness hmx (Fig. 2b). 194 

Siphon samples 195 

The turbidity current was siphoned to measure sediment concentration and grain-sizes of 196 

sediment suspended at different elevations. Four siphon tubes were deployed 2.5 m 197 

downstream of the inlet box at different elevations above the flume-tank floor (0.01, 0.02, 198 

0.04, and 0.08 m) (Fig. 1). Siphon tube diameter was 7 mm and the average flow velocity in 199 

the siphon tubes was approximately 1 m s-1. To measure the sediment concentration on the 200 

upper slope segment, additional duplicate experiments have been conducted with the siphon 201 

tubes installed on the upper slope segment, 1.4 m downstream of the inlet box. Siphoning 202 

commenced ~20 s after the start of an experiment, after the current head had passed the 203 

siphon tubes, and was continued until either 2 liters of mixture was sampled, or until the 204 

lowermost siphon tube was buried by aggrading sediment. The volume and weight of the 205 

sample of each siphon tube was measured. Sediment concentration was then calculated from 206 

the bulk density of the siphon sample and the specific densities of the water (1,000 kg m-³) 207 

and the suspended sediment (2,650 kg m-³). The sediment captured by the siphon tubes was 208 

analyzed for its grain size using laser diffraction (Malvern Mastersizer 2000, Malvern 209 

Instruments Limited, Malvern, UK). In some instances, the siphoned sediment volume was 210 

too low for the laser diffraction, and no reliable grain-size distribution could be obtained.  211 

Flow parameterization 212 
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The shear velocity u∗ is used to describe the turbulent shear at the base of the flow and is 213 

related to the bed shear stress. The shear velocity is a key variable in the evaluation of the 214 

sediment transport capability of a flow (e.g. Rouse, 1937; Eggenhuisen et al., 2017). Here, the 215 

shear velocity is estimated by assuming a logarithmic velocity profile between the bed and the 216 

velocity maximum um (following Middleton & Southard, 1984; van Rijn, 1993; Cartigny et 217 

al., 2013; de Leeuw et al., 2016; Pohl et al., 2019): 218 
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where κ is the von Kármán constant with a value of 0.4. The d90 of the initial sediment 220 

distribution was 215 µm. 221 

The maximum sediment concentration that a turbidity current can contain in suspension is 222 

here referred to as the suspension capacity (Kuenen & Sengupta, 1970). The suspension 223 

capacity parameter Γ gives a theoretical capacity limit at the base of a turbulent flow 224 

(Eggenhuisen et al., 2017): 225 
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 , (3) 226 

where ν  is the kinematic viscosity of water (1•10-6 m² s-1, at a temperature of 20°C), ρw is the 227 

density of water (1,000 kg m-³), ρs the density of the quartz sand (2,650 kg m-³), and Cb is the 228 

sediment concentration at the base of the flow. The capacity parameter is the ratio of the 229 

vertical turbulent forces acting close to the bed, and the gravity force acting on suspended 230 

particles per unit volume. The capacity criterion Γ = 1 describes the theoretical capacity limit 231 

of the flow. For Γ < 1 the flow is ‘over capacity’; turbulence will no longer be generated near 232 

the bed, and sediment will be deposited. Γ > 1 describes a flow that is ’under capacity’ and 233 
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sediment is kept in suspension and may be eroded and entrained from the bed. The sediment 234 

concentration measured from the lowest siphon tube is used to calculate capacity parameter 235 

values for the experiments  236 

The densiometric Froude number Fr´ is a dimensionless number that compares the kinematic 237 

and potential energy scales of the flow. Fr´ > 1 describes a supercritical flow and Fr´ < 1 a 238 

subcritical flow. A hydraulic jump forms at a transition from supercritical to subcritical 239 

conditions (Fr´ ≈ 1) (e.g. Wood, 1967; Komar, 1971; Weirich, 1988). Fr´ is calculated as: 240 

 
UFr
g h

′ =
′

 , (4) 241 

where U is the depth-averaged velocity of the flow and g´ is the submerged gravity that 242 

accounts for the buoyancy of the ambient fluid. The submerged gravity is defined as: 243 

 
( )t w

t

g g
ρ ρ
ρ
−

′ =  , (5) 244 

where g is the constant acceleration by gravity (9.81 m s-1) and ρt is the density of the 245 

turbidity current: 246 

 (1 )t s wC Cρ ρ ρ= + −  , (6) 247 

where C is the depth-averaged sediment concentration of the turbidity current. 248 

Deposition pattern and deposit sampling 249 

The thickness of the deposits was manually measured through the glass side-wall at 250 

longitudinal intervals of 0.05 m. In all experiments that yielded a deposit, the deposit 251 

thickness decreased rapidly over the final ~0.35 m of the flume. This rapid thinning of the 252 

deposit was an artifact of the transition from the flume into the expansion tank. 253 
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The flume was slowly drained, to expose and sample the deposits. Prior to sampling, the 254 

upper ~7 – 10 mm of the deposits, which were deposited by the starved turbidity current 255 

towards the end of the experiment, were scraped off to expose the deposits of the main body 256 

of the flow. Because the siphon tubes will induce turbulence during the experiments and thus 257 

disturb the downstream deposits, the deposits were sampled 0.1 m in front of the siphon tubes 258 

(i.e. 2.4 m downstream of the inlet box). The samples were analyzed for their grain size by 259 

laser diffraction (Malvern Mastersizer 2000, Malvern Instruments Limited, Malvern, UK).  260 
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RESULTS 261 

Deposition patterns 262 

Variation of the slope geometry resulted in a variety of different flow behaviors ranging from 263 

bypass to deposition. In both experiments without a slope break the turbidity currents were 264 

bypassing (Run 7 and 14; Fig. 3). Turbidity currents flowing over a slope break generally 265 

bypassed on the upper slope segment and deposited on the lower slope segment if the gradient 266 

of the lower slope segment was less than 5°. A further decrease of the gradient of the lower 267 

slope segment led to thicker deposits (Fig. 3). Turbidity currents in the experiments with a 268 

horizontal lower slope segment showed a different deposition pattern due to the development 269 

of a hydraulic jump which is described in section ‘Flow parameters’, below. The deposition 270 

rate of the turbidity current downstream of the hydraulic jump increased significantly, 271 

resulting in thick deposits on the lower slope segment and also deposition on the upper slope 272 

segment (Fig. 3).  273 

Flow dynamic measurements 274 

Flow velocities and dimensions 275 

The flow velocities and dimensions of the turbidity currents were controlled by the geometry 276 

of the slope break system where the steepness of the slope-break angle appears to be the main 277 

factor. Flows in experiments with the steeper upper slope segment of 8° were faster than 278 

flows in experiments with the more gently dipping upper slope segment of 6° (Table 2 and 279 

Fig. 4). Both depth-averaged flow velocity (U) and the velocity maximum (um) showed a 280 

slight decrease with the increase of the slope-break angle (Figs. 4a and b). The depth-281 

averaged velocity in the wall-region (Uw) showed a stronger decrease with an increasing 282 

slope-break angle (Fig. 5c). Downstream of the slope break, the turbidity current was 283 

thickening at a magnitude correlating with the slope-break angle (Fig. 5d). Flow thickening 284 
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was mainly due to a thickness increase of the wall-region (hw), while the thickness of the 285 

mixing-region (hmx) remained constant with an increasing slope-break angle (Figs. 5e and f). 286 

Sediment stratification 287 

The density profiles of the turbidity currents generally showed a stratification with a 288 

decreasing density towards the top of the flow (Fig. 4b). The profiles obtained from the 289 

siphon samples collected upstream of the slope break, 1.4 m downstream from the inlet box, 290 

showed the lowest degree in vertical stratification (see dashed line in Figure 4b). At the 291 

sampling location on the lower slope segment, 2.5 m downstream from the inlet box, the 292 

density stratification was increased. When the turbidity current crossed a slope break, the 293 

vertical density stratification was decreased at a magnitude that correlates to the steepness 294 

slope-break angle (Fig. 4b). A steeper slope-break angle resulted in a less stratified turbidity 295 

currents. 296 

Sediment grain-size and sorting 297 

Generally, the grain-size of the sediment suspended in the turbidity currents was coarser 298 

towards the flow base (Fig. 6a). The degree in vertical downward coarsening showed only a 299 

minor response to the slope-break angle, but turbidity currents appear to be coarser grained in 300 

experiments with a steeper slope-break angle (Fig. S4). However, a clear correlation between 301 

the slope-break angle and the grain-size stratification of the flow could not be recognized.  302 

The grain-size distribution of the deposits was coarser than that of the sediment sampled from 303 

the lowermost siphon tube at 1 cm above the bed (Fig. 6a). Relative to the grain-size 304 

distribution from the lowermost siphon tube, the grain-size distribution of the deposits was 305 

coarser. This was a result of a decrease of the fine grain fraction (<90 µm) and a slight 306 

increase of the coarser grain fraction (>150 µm). 307 
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The sediment sorting of the grain-size distribution was calculated by the moment method 308 

following Boggs (2009). The Phi standard deviation (ϕ) of the sediment suspended in the 309 

turbidity current was between 1.0 to 1.4 and thus poorly sorted (Fig. 6b and Table 3). Within 310 

the turbidity currents, sediment sorting was increasing toward the flow base, although there 311 

was no correlation between the vertical stratification in sorting and the slope-break geometry 312 

identifiable. The sediments of the deposits were moderately sorted with a Phi standard 313 

deviation between 0.7 and 0.8 and thus, better sorted than the sediment in the turbidity current 314 

(Fig. 6b).  315 

Flow parameters 316 

Shear velocity 317 

Calculated shear velocities u∗ varied between 0.06 to 0.07 m s-1 (Table 4). Shear velocities 318 

were generally higher in the experiments with the upper slope segment of 8° than in the 319 

experiments with the more gently dipping upper slope segment of 6° (Fig. 7a). In addition, the 320 

shear velocity was controlled by the slope-break angle, where shear velocities decreased 321 

proportionally to an increasing slope-break angle (Fig. 7b). Decrease in shear velocity relative 322 

to the setup with no slope break, was up to 3% in experiments with an upper slope segment of 323 

6°, and up to 9% in experiments with an upper slope segment of 8°. 324 

Capacity criterion 325 

The calculated capacity parameter Γ was below unity in all of the experiments indicating that 326 

all flows were over-capacity (Table 4). The capacity parameter indicated stronger over-327 

capacity in experiments with the steeper upper slope segment of 8° compared to experiments 328 

with the more gently dipping upper slope segment of 6° (Fig. 7c). The capacity parameter was 329 

generally decreased when the turbidity current was passing a slope break, with a magnitude 330 

corresponding to the slope-break angle (Fig. 7d). 331 
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Densiometric Froude number 332 

Calculated densiometric Froude numbers Fr´ show that the turbidity currents were within the 333 

supercritical flow-regime in all experiments (Table 4). Froude numbers were generally higher 334 

in experiments with the steeper upper slope segment of 8° (Fig. 8a). In experiments with a 335 

slope break, the Froude numbers on the lower slope segment decreased with the magnitude of 336 

the slope-break angle (Fig. 8b). 337 

These results show that Froude numbers remained above unity and no hydraulic jump 338 

occurred. However, exceptions are the two experiments with a horizontal lower slope segment 339 

(Run 1 and 8; cf. Table 1) in which a roller structure occurred. In these experiments 340 

deposition of sediment on the horizontal lower slope segment generated a ramp with an 341 

adverse gradient, resulting in significant deceleration of the flow as it had to flow upslope. A 342 

roller structure developed at the thickest point of the accreted sediment and propagated 343 

upstream during the last ~10 to 20 s of the experiment (Fig. S5a). It was not possible to 344 

calculate Froude numbers based on the collected data over the last seconds of the experiments 345 

when the roller structure was active. The reason is that the assumption of bed-parallel mean 346 

velocities of the turbidity current is not valid for the roller structure, where particles were 347 

transported mainly in the bed-normal direction (Fig. S5a, and supplementary material video 348 

2). In other experiments on steeper slopes, with higher flow velocities and less deposition, no 349 

roller structure could be observed (Figs. S5b, c, and supplementary material Videos 3 and 4).  350 
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DISCUSSION 351 

Flow transformation and deposition at a slope break 352 

Flow thickening 353 

Our results show that the turbidity currents were thickening downstream of the slope break at 354 

a magnitude that correlates with the slope-break angle (Fig. 5d). A turbidity current flowing 355 

across a slope is driven by the tangential (i.e. downslope) component of the gravity force 356 

acting on the flow. When that turbidity current crosses a slope break, the abrupt decrease in 357 

the slope gradient immediately reduces the tangential component of the gravity force. This 358 

results in deceleration of the flow due to the friction with the ambient fluid and the flume-tank 359 

floor (e.g. Altinakar et al., 1996; Kneller et al., 1999). Deceleration, in turn, results in 360 

thickening of the turbidity currents due to the conservation of mass. In addition, flow 361 

thickening is also caused by entrainment of ambient water at the top of the flow. However, in 362 

the experimental turbidity currents flow thickening was predominantly noticeable for the 363 

wall-region (hw), and thus accompanied by an increase in the height of the velocity maximum 364 

(hm) (Fig. 5e). The thickness and structure of the mixing layer (hmx) remains virtually 365 

unchanged because the maximum velocity is not changing (Fig. 5f). 366 

Density stratification and turbulence production 367 

The turbidity currents in the experiments develop a vertical density stratification, which 368 

increases as the currents flow through the flume tank (Fig. 4b). Density stratification is less 369 

developed when the turbidity current has crossed a slope break and development of the 370 

density stratification is suppressed with a magnitude correlating with the slope-break angle 371 

(Fig. 4b). The less developed density stratification indicates a better vertical mixing of the 372 

suspended sediment, and hence suggests an increase in turbulence due to the slope break (Fig. 373 

9). An increase of the turbulent kinetic energy in turbidity currents crossing a slope break has 374 
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been demonstrated in previous studies (Gray et al., 2005, 2006; Islam & Imran, 2010). This 375 

excess turbulent kinetic energy is produced downstream of the slope break together with the 376 

decrease of the mean streamwise flow velocity (Gray et al., 2005). Steel et al. (2017) argued 377 

that Taylor-Görtler vortices can be generated in turbidity currents that flow across a break of 378 

slope. Such vortices arise due to centrifugal effects when a flow with a high-velocity core is 379 

forced around a bend. Such Taylor-Görtler vortices could be the structures responsible for the 380 

inferred increased turbulence production. Previous studies have suggested that this excess 381 

turbulence delays deposition, or even causes erosion (Gray et al., 2005, 2006; Islam & Imran, 382 

2010). Though the mixing effect of increased turbulence could be recognized in our results, it 383 

was apparently not strong enough to prevent deposition downstream of the slope break.  384 

Did the decrease of shear velocity trigger capacity-driven deposition? 385 

The decrease in the slope gradient reduces the tangential component of the gravitational force 386 

acting on the turbidity current. This reduction causes an elevation of the height of the velocity 387 

maximum and a decrease of the velocity gradient at the base of the flow, resulting in a 388 

reduction in shear velocity (Figs. 7a, b, and 10). Lower shear velocities will decrease the 389 

sediment transport capacity of the turbidity current, resulting in deposition (Hiscott, 1994; 390 

Kneller, 2003; Dorrell et al., 2013; Eggenhuisen et al., 2017). Calculated suspension capacity 391 

parameters indeed decrease with a magnitude corresponding to the slope-break angle (Fig. 392 

7d). However, capacity parameters were always below unity, even in the two experiments 393 

without a slope break in which no deposition was observed. This indicates that the capacity 394 

parameter is underestimated in this study, which may be the result of the inaccuracy in the 395 

flow parameters used for the calculation of the capacity parameter, and/or from a deficiency 396 

in the theoretical prediction of suspension capacity. 397 

The method used to calculate the shear velocities is based on the assumption of a logarithmic 398 

velocity profile between the bed and the velocity maximum (Middleton & Southard, 1984; 399 
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van Rijn, 1993). Kneller et al. (1999) demonstrate that the velocity of turbidity currents is 400 

lower than that predicted from the logarithmic law of the wall, even below the velocity 401 

maximum. This deviation of the velocity profile from the assumed logarithmic profile-shape 402 

results in an underestimation of the shear velocities for turbidity currents by equation 2, and in 403 

turn an underestimation of the capacity parameter for these experiments. The concentration 404 

used to calculate the capacity parameter in this study is an additional source of error. The 405 

concentration obtained from the lowermost siphon tube, elevated 1 cm above the flume tank 406 

floor, was used as the sediment concentration at the base of the turbidity current (Cb). This 407 

resulted in an underestimation of the basal sediment concentration of ~10% vol, as implied by 408 

the sediment concentration profiles (Fig. 4b). This results in an overestimation of the 409 

calculated capacity parameter. The combined effects of uncertainty in concentrations and 410 

shear velocity estimations are not clear, though their opposite effect on capacity parameter 411 

accuracy suggests that the effect could be small. Calculation of the capacity parameter 412 

considering 10% higher shear velocity values together with basal sediment concentrations 413 

increased by 10% vol, results in a ~10% decrease of the calculated capacity parameter.  414 

Another reason for the inaccuracy of the capacity parameter might be that the grain size of the 415 

suspended sediments plays a more important role than suggested by Eggenhuisen et al. 416 

(2017). These authors report that their suspension parameter becomes inaccurate if the grain 417 

size of the suspended particles is larger than 200 µm, resulting in deposition even when the 418 

capacity limit is not reached.  419 

During capacity driven deposition, all sediment at the base of the flow would be deposited 420 

regardless of its grain size. Thus, the grain-size distribution of the deposits should reassemble 421 

the grain-size distribution at the flow base. In our experiments, the grain-size distribution in 422 

the deposits is coarser than the sediment sampled 1 cm above the flume-tank floor (Fig. 6a). 423 

Differences in grain-size distribution between the flow and the deposits mainly affected the 424 
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fine grain-size fraction (<90 µm) which was less abundant in the deposits. The decrease of the 425 

fine grain-size fraction was also reflected in the sediment sorting resulting in a better sorting 426 

of the deposits (Fig. 6b).  427 

There are three explanations for the discrepancy of the grain-size distribution between the 428 

flow and the deposits: (i) The sediment sample of the lowermost siphon tube does not 429 

accurately resemble the sediment that was suspended at the flow base. Siphon sampling 430 

showed that the vertical grain-size distribution in the turbidity current was coarsening towards 431 

the flow base (Fig. 6a). The lowermost sample from the turbidity current was taken at 1 cm 432 

above the flume-tank floor. Following the general downward coarsening trend as seen in 433 

Figure 6a, the sediment at the flow base might have been coarser than the sediment sampled at 434 

1 cm above the flume-tank floor. (ii) Another possibility is that siphoning of a turbidity 435 

current results in a bias towards a finer grain-size distribution. Suspended sediment and 436 

interstitial water are sucked into the siphon tubes as the turbidity current passed by. Flow 437 

velocity in each of the siphon tubes was at approximately 1 m s-1, which roughly corresponds 438 

to the maximum velocity of the flow at a height of ~0.02 m above the flume-tank floor. 439 

However, flow velocities above and below the velocity maximum were slower. Hence, the 440 

siphon tubes effectively extracted sediment and interstitial water at a discharge higher than 441 

that of the turbidity current at the height of the particular siphon tube. This process might 442 

result in a sampling bias towards finer grains, as these were easier to mobilize due to their 443 

lower mass and inertia. An additional siphoning artefact could be caused by the curvature in 444 

the density gradient, which makes it more easy for material to be siphoned from the top of the 445 

siphon tube compared to the bottom of the siphon tube, especially in the lowermost siphon 446 

location. The net results of these effects on the uncertainty of concentration measurements 447 

with siphon tubes is not known. (iii) The third explanation is that deposition was also 448 

controlled by the grain-size and settling velocity of the suspended sediment. Coarser grains 449 

have a have a higher mass to surface ratio and therefore settle faster than finer grains. This 450 
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would increase the likelihood of deposition of coarse grains and decrease the likelihood of 451 

deposition of finer grains. This process is also known as competence-driven deposition (sensu 452 

Kuenen & Sengupta, 1970; Hiscott, 1994). This deposition mechanism would result in coarser 453 

grained deposits and a relative decrease of the fine grain-size fraction in relation to the 454 

sediment suspended in the flow; similar to the observations in our experiments. 455 

In summary the causal mechanism for deposition following a slope break was a decrease in 456 

shear velocity, which caused a reduction in the transport capacity of the turbidity current. The 457 

observed transition to deposition occurred at estimated capacity parameter values of 0.6 - 0.8 458 

(Table 4 and Fig. 7c), while the theory of Eggenhuisen et al. (2017) predicts this transition at 459 

1.0. Considering the difficulty in constraining the capacity parameter with measurements from 460 

experiments, this deviation between theory and experiment can be considered a reasonably 461 

successful test. However, deposition in our experiments could also have been determined by 462 

the grain size of the sediment and finer grains appeared to be less prone to be deposited than 463 

coarser grains, resulting in deposits coarser than the sediment at the lowermost siphon 464 

location. Hence, the competence of the flow seems to be an additional deposition mechanism 465 

to the overcapacity of the flow. In any case, the underlying process initiating deposition was 466 

the decrease in shear velocity due to the slope break. 467 

Hydraulic jumps at a slope break 468 

No hydraulic jump due to the slope break 469 

The depth-averaged densiometric Froude number decreased with a magnitude corresponding 470 

to the slope-break angle (Fig. 8b). The decrease of the depth-average Froude number was not 471 

sufficient to generate a hydraulic jump. If Froude numbers are far above unity, even a 472 

significant decrease of the slope-break angle will not result in a Froude number below unity, 473 

and hence no hydraulic jump will emerge. Thus, hydraulic jumps were not the primary cause 474 

for the transformation from bypass to deposition in our experiments. 475 
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The slope break experiments of Garcia (1993) include some supercritical turbidity currents 476 

that traversed a slope break without the formation of a hydraulic jump. Garcia (1993) used 477 

sediment of four different grain sizes and hydraulic jumps were absent in experiments with 478 

grains larger than 30 µm. A possible reason for the absence of a hydraulic jump might have 479 

been that the lower slope segment was too short, meaning that a hydraulic jump would have 480 

formed farther downstream (Garcia, 1993; Kostic & Parker, 2007). This explanation for the 481 

absence of a hydraulic jump in most of our experiments cannot be ruled out, although the 482 

lower slope segment in the experiments of Garcia (1993) was horizontal, whereas the lower 483 

slope segment was inclined in our experiments.  484 

Kostic & Parker (2007) showed in numerical simulations based on the experiment of Garcia 485 

(1993) that under certain conditions supercritical turbidity currents can traverse a slope break 486 

and remain supercritical until they dissipate. In this scenario, rapid sediment deposition from 487 

the turbidity current reduces the flow density resulting in an increasing densiometric Froude 488 

number, maintaining supercritical flow conditions. In the experiments of Garcia (1993), this 489 

scenario was met for turbidity currents with grain sizes larger than >30 µm (Garcia, 1993; 490 

Kostic & Parker, 2007). In our experiment, however, also non-depositional flows remained 491 

supercritical and highly depositional flows showed a decrease in the densiometric Froude 492 

number rather than an increase (Figs. 7a and b). 493 

As discussed in the previous section, deposition was initiated by a thickening of the wall-494 

region and an associated decrease in shear velocity (Fig. 9). However, the observed thickness 495 

increase in combination with a decreasing velocity of the wall-region might result in 496 

subcritical flow conditions in the wall-region. This subcritical wall-region would be overlain 497 

by a supercritical mixing region resulting in a twin-layer flow behavior as observed in saline 498 

underflows in the Black Sea (Dorrell et al., 2016). Unfortunately, it was not possible to 499 

calculate densiometric Froude numbers for the wall-region, due to measurement limitations of 500 
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the exact flow density and velocity close to the bed. Nevertheless, the observed decrease in 501 

shear velocity in combination with the increase turbulence – as inferred from the decreasing 502 

density stratification – might be a result of a hydraulic jump restricted to the wall-region of 503 

the flow. The sediment transport capability of the subcritical wall-region is likely to be 504 

reduced, resulting in deposition.  505 

Based on numerical simulations, Salinas et al. (2020) proposes the existence of transcritical 506 

flows, marked by a cyclic pattern of soft transitions between super and subcritical flows. 507 

These transitions are not marked by the occurrence of hydraulic jumps, but by the formation 508 

of instabilities, an increase in turbulence and flow thickness, and eventually the onset of 509 

deposition (Salinas et al., 2020). Although the occurrence of a transcritical flow could explain 510 

the overall flow thickening and the onset of deposition in the experiments, it would not result 511 

in the observed elevation in height of the velocity maximum above the bed, and the associated 512 

thickening of the boundary layer (Figs. 5e and 9).  513 

Hydraulic jumps due to accreting sediment and flow choking 514 

In two experiments with a horizontal lower slope segment, a roller structure emerged during 515 

the last seconds of the experiment (Fig. S5a, and supplementary material videos 1 and 2). 516 

Unfortunately, it was not possible to capture Froude number values of the flow in the roller 517 

structure (see section ‘Flow parameters’). However, hydraulic jumps in turbidity currents 518 

show a roller structure that is similar to the surface rollers generated in open-channel 519 

hydraulic jumps (e.g. Rajaratnam, 1967; Komar, 1971; Long et al., 1991; Vellinga et al., 520 

2018). Therefore, the roller structure is interpreted as a hydraulic jump caused by the 521 

deceleration of the current, and a decrease of the Froude number below unity.  522 

The hydraulic jump emerged due to deposition on the lower slope, generating a ramp with an 523 

adverse slope, dipping upstream (Fig. 10). The adverse slope caused a deceleration and 524 

thickening of the supercritical flow since it had to flow upslope. Flow deceleration culminated 525 
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in the emergence of a hydraulic jump, which migrated upstream until the end of the 526 

experiment (Video 1 and 2 in the supplementary material). Hence, the accretion of sediment 527 

on the lower slope segment, rather than the slope break, is inferred to be the primary cause for 528 

the hydraulic jump in these experiments. This finding is supported by Huang et al. (2009), 529 

who observed in their numerical model of flows going over a slope break, the formation of 530 

hydraulic jumps in geometries with an adverse lower slope segment (see their Fig. 2). 531 

Hamilton et al. (2015) found, in their experiments on autogenic avulsion cycles on submarine 532 

fans, deposition of a mouth bar at a channel outlet. This mouth bar represented an obstacle 533 

and the flows leaving the channel outlet started to choke, which culminated into a hydraulic 534 

jump (Hamilton et al., 2015). Flow choking due to deposition is also proposed as a process 535 

occurring at the channel outlet in the Golo Fan in the Quaternary east Corsica Trough 536 

(Hamilton et al., 2017). However, the authors also set forth that larger-scale elements in the 537 

Golo Fan (i.e. lobe complexes) that develop on lower gradients may be related to subcritical 538 

flow conditions and backwater (Hoyal & Sheets, 2009), rather than to flow choking and the 539 

formation of a hydraulic jump. 540 

In an outcrop study, flow choking was speculated as a trigger for the formation of a hydraulic 541 

jump on the Mizala Fans in the Sorbas Basin, SE Spain (Postma & Kleverlaan, 2018). The 542 

authors describe that channel extension and lobe aggradation in the Mizala Fan culminated 543 

into flow choking at the channel outlet due to aggraded lobe sediments, and resulted in the 544 

formation of a strong hydraulic jump (Postma & Kleverlaan, 2018). This scenario is 545 

comparable to the situation observed in our experiments. Therefore, it is proposed that the 546 

formation of a hydraulic jump represents a later stage in the evolution of a slope-break 547 

system, characterized by sediment accretion and flow choking, rather than a direct primary 548 

result of the slope break (Fig. 10). 549 
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Hydraulic jumps are also interpreted as a major process related to the formation of plunge 550 

pools (Lee et al., 2002; Bourget et al., 2011). Lee et al. (2002) describe in their ‘hydraulic 551 

jump pool’ process-model that a hydraulic jump forms at the slope break due to the sharp 552 

decrease in slope gradient. In their model, rapid deposition downstream of the hydraulic jump 553 

forms a constructional rampart and in consequence a plunge pool morphological feature. The 554 

results of the experiments suggest that a hydraulic jump in a submarine plunge pool can also 555 

emerge because of deposition of the rampart forming an adverse slope for the flow. Hence, 556 

the hydraulic jump would emerge after the formation of the plunge pool and the depositional 557 

rampart, rather than as a direct primary result of the slope break. Revision of the process 558 

models for submarine plunge pools, regarding our additional flow dynamic mechanism for 559 

turbidity currents at the slope break, could provide new insight into the formation and 560 

preservation of submarine plunge pools. 561 

Slope break versus loss of confinement – flow transformations in channel 562 

lobe transition zones 563 

Slope breaks are often associated with channel lobe transitions zones (CLTZ) which are 564 

situated between the termination of a submarine canyon or channel and the onset of a 565 

sediment lobe (Mutti & Normark, 1987). The seabed in CLTZs is usually characterized by 566 

complex mixed patterns of erosive and depositional structures (Mutti & Normark, 1987; Piper 567 

& Savoye, 1993; Kenyon & Millington, 1995; Palanques et al., 1996; Morris et al., 1998; 568 

Nelson et al., 2000; Wynn et al., 2002; Habgood et al., 2003; Bonnel et al., 2005; Macdonald 569 

et al., 2011; Ito et al., 2014; Hofstra et al., 2015; Brooks et al., 2018). In addition to the 570 

morphological feature of a slope break, CLTZs are also defined by the loss of lateral flow 571 

confinement at the canyon or channel termination (Mutti & Normark, 1987; Wynn et al., 572 

2002). Thus, turbidity currents flowing across these zones will encounter different 573 
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morphological features, each of which having its own impact on the behavior, structure, and 574 

depositional signature of the flow. A slope break results in a decrease in bed shear stress and a 575 

reduced sediment transport capability of the flow, as shown in this paper. Thus, a flow 576 

dominated by the morphological feature of a slope break would predominantly deposit 577 

sediment, which perhaps might culminate in flow choking, a hydraulic jump, and the 578 

formation of a plunge pool (e.g. Lee et al., 2002; Baas et al., 2004; Pohl et al., 2020a). In 579 

contrast to a slope break, a flow dominated by the morphological feature of a loss of lateral 580 

confinement will trigger a mechanism called flow relaxation, leading to an increased bed 581 

shear stress and erosion (Pohl et al., 2019). Thus, the loss of lateral confinement, rather than 582 

the slope break, is likely to be responsible for the erosion pattern that is commonly described 583 

in CLTZs. 584 

A much discussed explanation for the formation of scour fields in CLTZs is the potential 585 

formation of hydraulic jumps associated with a slope break (Komar, 1971; Mutti & Normark, 586 

1987; Garcia & Parker, 1989; Wynn et al., 2002). However, it is questionable if hydraulic 587 

jumps can be responsible at all for the observed erosion in CLTZs, or even generate these 588 

zones. A hydraulic jump is the consequence of a decrease in energy and momentum of a flow 589 

usually linked to massive deposition downstream of the jump. The increased turbulence at the 590 

jump is constricted to the location at which the jump occurs, and it is unproven whether this 591 

turbulence can generate scours in the case of sediment driven gravity flows such as turbidity 592 

current. Furthermore, no study was yet able to show the formation of a hydraulic jump as a 593 

consequence of the loss of lateral confinement. It is proposed that hydraulic jumps only have 594 

a minor relevance in CLTZs and that they may emerge at pre-existing scours that were formed 595 

by previous erosive flows.  596 
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CONCLUSIONS 597 

The Shields-scaled experiments presented in this paper could mimic the transition from 598 

bypass to deposition due to a slope break. The decrease in slope gradient reduced the 599 

downslope component of the gravity force acting on the turbidity current, resulting in 600 

deceleration and thickening of the wall-region. Thickening of the wall-region reduced the 601 

shear velocity and sediment transport capacity of the flow and caused deposition. Calculated 602 

capacity parameters of the depositional flows deviate within a factor of 2 from the theory, 603 

which underestimates the sediment transport capacity of the flow. In other words, flows that 604 

are estimated to be depositional according to the theory are in fact fully bypassing. 605 

The grain-size distribution in the deposits was coarser and better sorted than that of the 606 

sediment suspended at the flow base. This discrepancy suggest that capacity-driven deposition 607 

is unlikely to be the only deposition style in the experiments. Hence, it is suggested that a 608 

hybrid deposition style between capacity and competence resulted in the coarser and better 609 

sorted grain-size distribution of the deposits. The grain-size distribution of the deposits 610 

reveals no dependency on the slope-break geometry. 611 

Flows downstream of the slope break showed a lower density stratification implying a better 612 

mixing due to increased turbulence generated by the slope break. In addition, but independent 613 

of the slope-break geometry, flows showed a vertical grain-size stratification with a 614 

downward coarsening pattern. Suspended sediment was coarser towards the flow base due to 615 

a decrease of the fine fraction in the grain-size distribution, probably resulted from the lower 616 

settling velocity of finer grains. The decrease in finer grains also caused an increase of the 617 

sediment sorting toward the flow base. 618 

Contrary to most previous experiments involving a slope break and depletive turbidity 619 

currents, no hydraulic jump emerged in the vast majority of the experiments. However, the 620 

observed thickening of the wall-region might have been caused by a hydraulic jump that was 621 
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restricted to the wall-region of the flow. In experiments with a horizontal lower slope segment 622 

a roller structure emerged that was interpreted as hydraulic jump. This hydraulic jump was 623 

generated by deposits downstream of the slope break forming a ramp with an adverse slope, 624 

which resulted in flow deceleration and flow chocking, rather than because of the slope break 625 

as the primary cause. Our results provide new insights into the conception of flow dynamic 626 

models in slope-break settings involving the formation of a hydraulic jump. 627 

The complex, joint effects of different morphological transitions in CLTZs might allow to 628 

predict different scales, styles, and morphologic evolutions of CLTZs in relation to the 629 

dominant morphological control. Systems with a steep slope-break (high slope-break angle) 630 

and a more gradual loss of confinement develop no, or smaller and less erosive CLTZs. In 631 

contrast, systems with no slope break and/or an abrupt loss of confinement are prone to the 632 

development of larger and more erosive CLTZs. A variation in the dominant morphological 633 

control through time results in a response in style and size of the CLTZ. 634 
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FIGURES 646 

 647 

Fig. 1.  Sketch of the experiment setup. The dip angle of the upper slope segment was 6° or 648 

8° and the angle of the lower slope segment was varied between 0° to 8° (both angles with 649 

respect to the horizontal). UVP: Ultrasonic Velocimetry Probe. 650 
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 651 

Table 1.  Input conditions and geometrical parameters of the experimental runs. 652 

 653 

Fig. 2.  (A) The orientation of the UVP. up: velocity measured by the probe. ux: bed-654 

parallel velocity component. uz: bed-normal velocity component. (B) Sketch of a velocity 655 
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profile illustrating the parameterization. z: bed-normal coordinate. u: velocity. um: velocity 656 

maximum. h: flow thickness. hm: elevation of the velocity maximum. hw: thickness of the 657 

wall-region. hmx: thickness of the mixing-region. Redrawn and modified after Launder & Rodi 658 

(1983). Not to scale. 659 

 660 

Fig. 3.  Deposition profiles. (A) Experiments with an upper slope segment of 6°. (B) 661 

Experiments with an upper slope segment of 8°. Deposit thickness is increasing with a 662 

decreasing angle of the lower slope segment. The dashed line marks the experiments with a 663 

horizontal lower slope segment and a distinctly different deposition pattern due to a 664 

developing hydraulic jump. Also indicated the location at which deposit sample was taken. 665 

The decrease of the deposit thickness toward the end of the flume tank is caused by the 666 

transition into the expansion tank and an experimental artifact.  667 
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 668 

Fig. 4.  (A) Time-averaged velocity profiles measured 0.6 m downstream of the slope 669 

break (i.e. 2.3 m downstream of the inlet box). (B) Sediment concentration profiles of the 670 

turbidity currents measured 0.8 m downstream of the slope break (i.e. 2.5 m downstream of 671 

the inlet box). The dashed line is a sediment concentration profile of the turbidity current that 672 

was sampled 0.3 m upstream of the slope break (i.e. 1.4 m downstream of the inlet box). US: 673 

upper slope segment. 674 
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 675 

Fig. 5.  Flow dimensions downstream of the slope break, normalized by the values 676 

measured in the 6° and 8° experiments without a slope break (Run 7 and 14 respectively). The 677 

absolute values can be found in Table 2. The depth-averaged velocity (A) and the velocity 678 

maximum (B) of the flow appears to be unaffected by the steepness of the slope-break angle. 679 

The velocity averaged over the depth of the wall region (C) is decreasing with an increasing 680 

steepness of the slope-break angle. The flow is thickening with an increasing slope-break 681 
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angle (D). Subdivision of the flow thickness into a wall-region (E) and a mixing-region (F) 682 

shows that the wall-region accounts for the majority of flow thickening.  683 

 684 

Table 2.  Flow velocities and dimensions obtained from the time-averaged velocity profiles 685 

and the siphon tube samples. 686 
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 687 
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Fig. 6.  (A) Cumulative grain-size distribution of the sediment samples by siphoning and 688 

from the deposits. Shown here are the results of Run 3. The grain-size distribution curves of 689 

the remaining runs can be found in Figure S3. Coarsening of the grain size towards the flow 690 

base was mainly due to a decrease of the fine grain fraction in the distribution. The grain-size 691 

distribution of the deposits was coarser than that of the flow. (B) Box-and-whisker plots of the 692 

Phi standard deviation (sediment sorting) of the siphon samples and the deposits. Hollow 693 

circles mark outliers from the 2σ distribution. In the turbidity current, the sediment was better 694 

sorted towards the flow base. There appeared to be no correlation between the sediment 695 

sorting and the slope-break geometry. The deposits showed the lowest Phi standard deviation 696 

values and thus, were better sorted that the sediment suspended in the turbidity current. 697 

  698 
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 699 

Table 3. Values of the Phi standard deviation (ϕ) of the siphon samples and the deposits that 700 

were plotted in Figure 6. The Phi standard deviation was calculated with the moment method. 701 

For some instances no grain-size data was obtained because insufficient sediment was 702 

collected at 8 cm above the bed (Runs 2, 4, and 10). Siphon-samples for non-aggrading runs 703 

were not analysed for grainsize because comparison with the bed was not possible and grain 704 

size stratification did not vary between runs in the available dataset.  705 
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 706 

Table 4.  Calculated flow parameters that were plotted in Figures 7 and 8. 707 

  708 
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 709 

Fig. 7.  (A) Absolute values of the shear velocity against the slope-break angle. The solid 710 

black markers indicate experiments with depositional turbidity currents and the hollow 711 

markers currents with bypassing flows. (B) Shear velocity normalized by the values measured 712 

in the 6° and 8° experiments without a slope break. Shear velocities are decreasing with an 713 

increasing steepness of the slope-break angle. (C) Absolute values of the capacity criterion 714 

against the slope-break angle. (D) Capacity parameter normalized by the values measured in 715 

the 6° and 8° experiments without a slope break. The capacity of the flow is decreasing with 716 

an increasing slope-break angle. 717 
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 718 

Fig. 8.  (A) Absolute values of the densiometric Froude number (depth-averaged) against 719 

the slope-break angle. (B) Froude number normalized by the Froude number value obtained 720 

from the 6° and 8° experiments without a slope break. Densiometric Froude number was 721 

decreasing with an increasing slope-break angle. However, values remained above unity and 722 

flows supercritical. 723 

  724 
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 725 

 726 

Fig. 9.  Flow-dynamic model for a turbidity current crossing a slope break. Elevation of the 727 

velocity maximum (hm) results in thickening of the wall-region (hw) and decrease of the shear 728 

velocity (u*). Reduced shear velocity results in deposition. Turbulence production, at and due 729 

to the slope break, causes an upward sediment movement reflected by a decreased density 730 

stratification downstream of the slope break. 731 
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 732 

Fig. 10.  (A) Supercritical turbidity current crossing a slope break and depositing sediment 733 

in the absence of a hydraulic jump. (B) The incoming same turbidity current but deposition on 734 

the lower slope segment formed a ramp with an adverse slope. The flow decelerates, chokes, 735 

and a hydraulic jump emerges that migrates upstream. Fr: Froude number, U: Depth-averaged 736 

velocity.  737 
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 963 

Fig. S1.   Grain-size distribution of the sediment used for the turbidity current and glued to the flume 964 
tank floor. The grain-size distribution was measured with a laser particle sizer (Malvern Mastersizer 2000). 965 

  966 
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 967 

Table S1. UVP data acquisition settings.  968 
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 969 

Fig. S2.   Turbidity current velocity over time as measured by the UVP for two experiments. Indicated 970 
with a dotted line is the tracked bed interface between the bed and the turbidity current, marked by a high 971 
vertical-velocity-gradient. (A) Measurements of run 12 with no sediment accreting underneath the UVP. (B) 972 
Measurements of run 5, where sediment was accreting underneath the UVP, resulting in a decreasing distance 973 
from the bed to the UVP. The velocity signal below the tracked bed interface (i.e. > 0.13 m away from the probe) 974 
is an interference pattern and an artifact of the measurement. 975 
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 980 

Fig. S3.  Cumulative grain-size distributions from the siphon samples and the deposits.   981 
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 982 

Fig. S4.  Grain-size distributions measurements from the siphon samples. Shown from left to right are 983 
the d16, the d50, and the d84. The solid lines mark the samples of the siphon tubes on the lower slope, 2.5 m 984 
downstream of the inlet box. The dotted gray line indicates the grain size of the initial mixture. 985 
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 987 

Fig. S5.  Snapshots of videos of the flow through the flume-tank side wall; see Figure 1 for field 988 

of view. The green, red, and white bars on the scale are 0.1 m long. (A) Run 8, upper slope segment 989 

8°, lower slope segment 0°; an experiment with a slope break and a horizontal lower-slope. Deposition 990 

created a ramp with an adverse gradient, which resulted in the formation of an upstream propagating 991 

roller structure. Camera 2 is facing the slope break showing the roller structure migrating upstream. 992 

(B) Run 14, upper slope segment 8°, lower slope segment 8°; an experiment setup with no slope break 993 

and a bypassing flow. (C) Run 2, upper slope 6°, lower slope 1°. An experiment with a slope break 994 

and a depositing flow. In both experiments, no roller structure was observed. Videos can be found in 995 

the supplementary material. 996 

Video 1: Run 08, Camera 1. YouTube link: https://youtu.be/yKfQ15JFP0s  997 

Video 2: Run 08: Camera 2. YouTube link: https://youtu.be/i8Wn2CDcQKo  998 

Video 3: Run 14, Camera 1. YouTube link: https://youtu.be/5YMAYYqkAQA  999 

Video 4: Run 02, Camera 1: YouTube link: https://youtu.be/uQERR6H4fKM  1000 
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