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ABSTRACT 22 

Turbidity current behaviour is affected by interactions with seafloor topography. Changes in flow 23 

dynamics will depend on the physiographic configuration of the topography (orientation and 24 

gradient), and the character of the incoming flow (magnitude and rheology). A better 25 

understanding of how unconfined turbidity currents interact with topography will improve 26 

interpretations of the stratigraphic record; we address this using 3D flume tank experiments with 27 

unconfined saline density currents interacting with a ramp orientated perpendicular to flow 28 

direction. The incoming flow parameters remained constant, whilst the slope angle was 29 

independently varied. On a 20° slope, super-elevation of the flow and flow stripping of the upper, 30 

dilute region of the flow occurred high on the slope surface. This resulted in a strongly divergent 31 

flow and the generation of complex multidirectional flows (i.e., combined flows). The super-32 

elevation and extent of flow stripping decreased as the slope angle increased. At 30° and 40°, 33 

flow reflection and deflection, respectively, are the dominant flow process at the base of slope, 34 

with the reflected or deflected flow interacting with the parental flow, and generating combined 35 

flows. Thus, complicated patterns of flow direction and behaviour are documented even on 36 

encountering simple topographies; a planar slope orientated perpendicular to flow direction. 37 

Combined flows in deep-water settings have been linked to the interaction of turbidity currents 38 

with topography and the formation of internal waves with a dominant oscillatory flow 39 

component. Here, combined flow occurs in the absence of an oscillatory component. A new 40 

process model for the formation and distribution of hummock-like bedforms in deep-marine 41 

systems is introduced. This bedform model is coupled to a new understanding of the mechanics 42 

of onlap styles (draping versus abrupt pinchout) and triggers for soft-sediment deformation 43 
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processes to produce a spatial model of gravity-current interaction, and deposition, on slopes to 44 

support palaeogeographic reconstructions. 45 

 46 

KEY WORDS 47 

Flow confinement; orthogonal topography; flume experiments; low-density turbidity currents; 48 

combined flows; hummocky bedforms; onlap styles 49 

 50 

INTRODUCTION 51 

Turbidity currents are the principal mechanism for sediment transfer from shallow- to deep-52 

water environments (Kuenen and Migliorini, 1950; Middleton and Hampton, 1973; Simpson, 53 

1997), resulting in the largest accumulations of sediment on Earth (Curray and Moore, 1971; 54 

Emmel and Curray, 1983). Seafloor topography, which acts as a first order control on turbidity 55 

current behaviour, may be generated by depositional relief from mass transport deposits (e.g., 56 

Armitage et al., 2009; Martínez-Doñate et al., 2021; Allen et al., 2022) and levées and lobes (e.g., 57 

Groenenberg et al., 2010; Kane and Hodgson, 2011), folds and faults (e.g., Haughton, 2000; 58 

Hodgson and Haughton, 2004; Cullen et al., 2019), salt and mud diapirism (e.g., Kneller and 59 

McCaffrey, 1995; Toniolo et al., 2006; Howlett et al., 2021; Cumberpatch et al., 2021), seamounts 60 

(e.g., Seabrook et al., 2023), and abyssal plain mountains (e.g., Harris et al., 2014).  61 

 62 

Turbidity current behaviour is strongly influenced by the flow characteristics (i.e., velocity, 63 

thickness, concentration) and the nature of the seabed topography (i.e., gradient, form, 64 
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substrate) (e.g., Kneller et al., 1991; Edwards et al., 1994; Patacci et al., 2015; Tinterri et al., 2016, 65 

2022; Dorrell et al., 2018a; Soutter et al., 2021). Turbidity currents can be reflected, deflected 66 

and/or ponded, generating spatial variations in flow competence and capacity, and hence the 67 

loci of deposition and depositional character (Allen, 1991; Hiscott, 1994; Kneller and McCaffrey, 68 

1995, 1999). Recent technological advances have enabled direct velocity measurements of 69 

natural turbidity currents, and estimations of their concentration; however, these measurements 70 

have solely been acquired in submarine canyons or channels (e.g., Talling et al., 2023, and 71 

references therein). To date, no such measurements have been made where unconfined flows 72 

interact with seafloor topography, although palaeocurrent records from deposits show that 73 

complicated flow fields are established (e.g., Pickering and Hiscott, 1985; Kneller et al., 1991; 74 

Hodgson and Haughton, 2004).  75 

 76 

 The superimposition of unidirectional, and multidirectional and/or oscillatory flow 77 

components (i.e., combined flows) produces distinctive bedforms with a high degree of spatial 78 

and morphological variability (Clifton, 1976). Such bedforms include hummocky cross-79 

stratification (HCS) (e.g., Arnott and Southard, 1990; Duke et al., 1991; Dumas and Arnott, 2006; 80 

Wu et al., 2023) and sigmoidal-cross lamination in small- and large-scale ripples (e.g., Yokokawa, 81 

1995; Dumas and Arnott, 2006; Tinterri, 2006, 2007). Hummock-like structures, large asymmetric 82 

ripples, biconvex ripples, and symmetrical megaripples have been documented in several deep-83 

water systems (e.g., Privat et al., 2021; Tinterri et al., 2022; Martínez-Doñate et al., 2023;  Siwek 84 

et al., 2023; Taylor et al., 2024), and are typically postulated to have formed as a result of the 85 
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generation of combined flows (cf. Mulder et al., 2009). However, the combined flow paradigm in 86 

deep-water systems is based upon 2D experimental observations.  87 

 88 

 Observations from 2D experiments of turbidity currents rebounding against topographic 89 

slopes (e.g., Pantin and Leeder, 1987; Edwards et al., 1994; Kneller and McCaffrey., 1995; Kneller 90 

et al., 1997) have been used to support outcrop-based models for the formation of combined 91 

flows and the formation of hummock-like structures in deep-water systems (Fig. 1) (e.g., Tinterri, 92 

2011; Tinterri et al., 2016, 2022; Privat et al., 2021; Martínez-Doñate et al., 2023). Tinterri (2011) 93 

suggests that flow transformations following the deceleration of flows upon incidence with 94 

slopes produces a hydraulic jump, akin to bores described semi-quantitatively with time-lapse 95 

photography and particle tracking by Edwards et al. (1994). It is hypothesised that the 96 

superimposition of the subcritical, unidirectional turbidity current, and an oscillatory flow 97 

component from the internal waves generated by supercritical upstream-migrating bores, 98 

produces combined flow in density currents (Tinterri, 2011; Tinterri et al., 2016). Whether the 99 

same mechanisms for combined flow generation are active following the interaction of 3D, 100 

unconfined density currents with planar containing topography has not been explored 101 

experimentally. Understanding the flow process interactions of unconfined low-density gravity 102 

currents with orthogonal containing slopes is therefore crucial for interpreting turbidity current 103 

evolution and onlap geometries, and bedform and facies variability in 3D space on slopes. 104 

 105 

 106 

 107 
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 108 

Figure 1: Schematic diagram of existing models proposed for the generation of internal waves in 109 

turbidity currents. The generation of internal waves in ponded turbidity currents in 2D 110 

experimental conditions was demonstrated by Patacci et al. (2015). Tinterri (2011) and Tinterri 111 

et al. (2016) derived their model from outcrop following flow reflections against topography, 112 

following observations by Edwards et al. (1994) on the generation of bores. The question mark 113 

indicates the existing uncertainty in unconfined (3D) flow process behaviour. 114 

 115 

Although previous physical experiments have varied flow parameters and topographic 116 

configuration to examine turbidity current flow dynamics and deposits (e.g., Kneller et al., 1991, 117 

1997; Edwards et al., 1994; Amy et al., 2004; Brunt et al., 2004; Patacci et al., 2015; Howlett et 118 

al., 2019) only one has investigated the interaction of 3D, unconfined gravity currents with 119 

simple, planar topographic slopes (Soutter et al., 2021). Soutter et al. (2021) explored the 120 

depositional patterns around erodible basinal topography. With the basinal topography 121 

positioned orthogonal (90°) to the primary flow direction, and with sediment-laden gravity flows 122 

(17% by volume concentration), the denser material within the flow was observed to onlap the 123 
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base of the containing slope, whereas the low density, finer grained material bypassed down-dip 124 

as it surmounted the topographic barrier (Soutter et al., 2021). Notably, the high concentration 125 

sediment gravity flows and steep angle of the experimental platform (11°) produced gravity 126 

currents on the slope and the proximal basin floor of the flume tank, upstream of the topographic 127 

barrier, with basal ‘slip-velocities’. This suggests sediment gravity flows more akin to grain- and 128 

debris-flows (sensu Méjean et al., 2022).  129 

 130 

In contrast, the experiments herein, are low-density, fully-turbulent, gravity currents that 131 

were unable to surmount the containing topographic slope. This experimental configuraton 132 

permits observations of unconfined gravity current dynamics and evolution both at the base of, 133 

and on, the slope surface, which has not been previously explored. The influence of the 134 

topographic containment on flow processes is expressed by the topographic containment factor 135 

(h’), where h’ = h / hmax , and h is mean flow height and hmax is the maximum run-up height. The 136 

containment factor increases as the slope angle increases from 20° to 30° to 40°. Increasing the 137 

slope angle affects the degree of flow stripping, and the velocity structure and evolution on the 138 

slope surface and at the base of the slope.  139 

 140 

The aim of the current study is to document the interaction between scaled, unconfined 141 

saline density currents and partially containing orthogonal topography using 3D flume tank 142 

experiments. The objectives are to: 1) assess how the angle of the containing frontal topography 143 

(independently varied at 20°, 30°, and 40°) affects density current evolution and the generation 144 

of combined flows, 2) investigate how the mechanisms of flow reflection and deflection, and the 145 
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novel observation of flow divergence, operate on the slope surface and influence interactions 146 

with the incoming flow at the base of the slope in unconfined settings, and 3) discuss the effect 147 

of combined flows on the deposit character and onlap geometry in deep-water settings. 148 

 149 

METHODS 150 

Experimental Set-Up 151 

Experiments were performed in the Sorby Environmental Fluid Dynamics Laboratory, University 152 

of Leeds, UK, using a 10 m long, 2.5 m wide, and 1 m deep flume tank (Fig. 2A and B). A 1400 L 153 

saline solution (2.5% excess density) was prepared in a 2000 L mixing tank. The saline solution 154 

was pumped (using an inverter controlled centrifugal pump) into the main tank through an inlet 155 

pipe centred on the experimental platform and into a straight-sided 0.62 m long, 0.26 m wide 156 

channel, before the flow debouched into the main tank. The main tank was filled with tap water 157 

to a depth of 0.6 m. The pump speed was manually adjusted when the flow rate deviated from 158 

the reference value of 3.6 l s-1. The flow rate variability was accurate to ± 0.05 l s-1 of the reference 159 

value throughout the duration of the experiment (<2% error) (Table 1).  160 

 161 

 162 

 163 

 164 

 165 

 166 
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 167 

Figure 2: (A) Flume tank and mixing tank configuration. (B) Plan view of flume tank and slope 168 

position. Right- and left-side is with respect to the primary flow direction. (C-E) Configurations of 169 

the 20°, 30°, and 40° topographic slopes. 170 

 171 

 172 
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Table 1: Experimental configuration and data instrumentation (Ultrasonic Doppler velocity 173 

profiler (UVP), Acoustic Doppler velocity profiler (ADV), and density siphon) positions for all 174 

experiments. The instrumentation was placed along the tank axis. Unconfined-b, and -c:  each 175 

instrument was positioned 3 m downstream of the channel mouth. For the experiments with the 176 

topographic slope, the slope was positioned 3 m downstream of the channel mouth and 177 

perpendicular to the primary flow direction. The reference values for mean flow rate (l s-1) and 178 

the excess density of the input current (%) were 3.6 l s-1 and 2.5% respectively. 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 
 187 
 188 
 189 

 190 

 191 
 192 

Run Slope angle 

(°) 

Instrumentation 

(height up-slope (m)) 

Mean flow rate 

(l s-1) 

Input Current 

density (%) 

Unconfined-a - Visualisation 3.61 2.50 

Unconfined-b - UVP  3.60 2.50 

Unconfined-c - Density siphon 3.60 2.50 

FC-20a 20 ADV (0) 3.61 2.50 

FC-20b 20 ADV (0.10)  3.60 2.49 

FC-20c 20 ADV (0.15) 3.61 2.50 

FC-20d 20 Visualisation 3.60 2.51 

FC-20e 20 Density siphon (0) 3.60 2.50 

FC-20f 20 Density siphon (0.10) 3.60 2.50 

FC-30a 30 ADV (base) 3.59 2.49 

FC-30b 30 ADV (0.10) 3.60 2.50 

FC-30c 30 ADV (0.20) 3.59 2.49 

FC-30d 30 Visualisation 3.59 2.49 

FC-40a 40 ADV (0) 3.59 2.49 

FC-40b 40 ADV (0.08) 3.59 2.50 

FC-40c 40 ADV (0.14) 3.60 2.49 

FC-40d 40 Visualisation 3.58 2.50 
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 193 

Unconfined flow properties 194 

Three initial experiments were performed without any containing topography. Firstly, the 195 

unconfined flow was visualised for the full duration of the experiment through the free-water 196 

surface, using an overhead camera above the flume tank (Video 1). Fluorescent tracer dye was 197 

used to aid visualisation of the flow. Measurements of the flow were recorded along the tank 198 

axis, at 3 m downstream of the channel mouth, to provide a base case for comparison with the 199 

flows interacting with the containing topography (Fig. 3A and B). An Ultrasonic velocimeter 200 

Doppler profiler (UVP) (Met-Flow, UVP DUO, 4 MHz, Met-Flow SA, Lausanne, Switzerland) was 201 

used to record the instantaneous downstream flow velocity (Fig. 4A and B). The UVP recorded 202 

the multiplexed velocity output from a vertically stacked array of 10 transducers from the entire 203 

flow height (see Table 2 for details of UVP parameters).  Positive values of streamwise velocity 204 

are measured as the flow travels into the basin (Fig. 3A). Where the ADV was used, positive 205 

streamwise velocities are measured as the flow travels towards the slope, whereas negative 206 

values record flow reversal. Additionally, for the ADV data (Fig. 3B), positive and negative values 207 

of cross-stream velocity data correspond to left- and right-lateral movement of the flow, 208 

respectively, while positive and negative values of vertical velocity data correspond to the up- 209 

and down- movement of the flow, respectively. Such cross-stream and vertical data are not 210 

available from the UVP, which measures streamwise velocity only. Flow density was also 211 

measured (Fig. 4G and H), using an array of 12 siphons, and also for two additional experiments 212 

performed with frontally containing topography (Fig. 4I). Siphon sampling was initiated 5 s after 213 

the head passed, and lasted for 30 s. Twelve stacked siphons with 5 mm diameter tubing were 214 
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deployed over a 0.095 m height, with the lowermost siphon 0.005 m above the base of the tank 215 

floor (Fig. 4G). The siphon array was connected to a peristaltic pump set to a constant withdrawal 216 

rate. The fluid was collected in sample pots and the density was measured using an Anton Paar 217 

DMA 35 portable densitometer (Anton Paar, Austria), with a resolution of 0.1 kg m-3. The density 218 

was measured at a background temperature of 12 °C, where the ambient density of water is 219 

999.58 kg m-3. 220 

 221 

 222 

Video 1: Time-lapse video of the evolution of the unconfined density current throughout the 223 

experimental run (3X playback speed). The field of view is the full width of the tank (2.5 m). To 224 

aid flow visualisation, the input flow is dyed with fluorescent, purple tracer dye. The flow is 225 

observed to exit from the channel at the channel mouth and begins to radially expand into the 226 

basin. At 3 m from the channel mouth, the incoming head of the flow is unconfined. For the 227 

subsequent experiments with the orthogonal slope, the leading edge of the base of slope was 228 

positioned at 3 m from the channel mouth. 229 

 230 
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 231 

Figure 3: Comparative velocity profiles measured along the tank axis, 3 m downstream of the 232 

channel mouth. (A) time-averaged streamwise velocity (using the Ultrasonic Doppler velocity 233 

profiler (UVP)) and density profiles of the unconfined flow. Both measurements were initiated 5 234 

s after the head passed, and lasted for 30s. Umax, U, and h denote the maximum streamwise 235 

velocity, depth-averaged streamwise velocity, and flow height, respectively. For the density 236 

profile, ps is the depth-averaged density. The dashed line indicates the measured density data, 237 

and the dotted line is density data extrapolated below 0.05 m flow depth and above 0.09 m flow 238 

depth. The density of the ambient water (pa) as measured at a background temperature of 12 °C, 239 

where the ambient density of water is 999.6 kg m-3. (B) 5 s time-averaged velocity profiles (using 240 

the Acoustic Doppler velocity profiler (ADV)) measured from the first 5 s from the head of the 241 

flow at the 3 m position (base of slope), prior to the collapse of the flow downslope. The three 242 

components of measured velocity, i.e., streamwise (X), cross-stream (Y) and vertical (Z) are 243 

indicated. 244 
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 245 
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Figure 4: (A) Schematic diagram of the Ultrasonic Doppler velocity profiler (UVP), with the probe 246 

heights annotated. (B) Configuration of the UVP used to quantify the velocity of the unconfined 247 

density current. (C) Schematic diagram of the Acoustic Doppler velocity profiler (ADV). The basal 248 

0.03 m is the data acquisition window of the ADV instrument. (D, E, and F) Configuration for the 249 

20°, 30° and 40° slopes respectively, with the three ADV positions annotated. For (A) and (C), X, 250 

Y, and Z are with respect to the velocity components. (G) Schematic diagram of the density siphon 251 

array. The siphon array was connected to a peristaltic pump set to a constant withdrawal rate to 252 

measure the density of the flow for the duration of the experiment. (H and I) Configuration of 253 

the siphon array used to quantify the density of the unconfined flow and for the 20° slope. 254 

 255 

Table 2: Parameters for the Ultrasonic Doppler velocity profiler (UVP) and Acoustic Doppler 256 

velocity profiler ADV used in the current study. UVP is used to quantify instantaneous flow 257 

velocities of the unconfined flow, measured 3 m downstream of the channel mouth and along 258 

the tank axis. ADV is used to measure the instantaneous flow velocities 3 m downstream of the 259 

channel mouth along the tank axis, at the base of each slope configuration, and two positions on 260 

each slope surface. 261 

UVP parameters  ADV parameters  

Instrument name Met-Flow UVP Monitor 4 Instrument name  Vectrino Doppler Velocimeter 

Sampling frequency 4 Hz Sampling frequency 100 Hz 

Probe height above tank floor 1, 2, 3, 4, 5, 6, 7, 9, 11, 13 cm Speed of sound in water 1465 m s-1 

Velocity of ultrasound in water  1480 m s-1 Number of transducers 4 

Number of bins  128 Number of cells                                                                                                                                                                                                        31 

Number of profiles per transducer 1000 Cell start below head of probe 40 mm 

Sampling period 11 ms Cell end below head of probe 70 mm 

Velocity range 256 mm s-1 Cell size 1 mm                                                      
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Minimum velocity -128 mm s-1 Velocity range (streamwise) 500 mm s-1 

Maximum velocity  128 mm s-1 Horizontal velocity range  497 mm s-1 

Minimum measurement distance 4.99 mm Vertical velocity range 130 mm s-1 

Maximum measurement distance 99.71 mm Instrument run time 240 s 

 262 

Froude scaling 263 

Calculations of the Reynolds number (Re) and densiometric Froude number (Frd), permit the 264 

Froude scaling of experimental saline density currents with natural turbidity currents (Yalin, 265 

1971) (see Supplementary Table S1). Here, the measured parameters of the unconfined flow 3 m 266 

downstream of the channel mouth were used. The measurements were initiated 5 s after the 267 

head passed, and lasted for 30 s. Froude scale modelling considers the Reynolds number (Re) 268 

relaxed compared to natural systems, but still within the fully turbulent regime, whereas the 269 

densiometric Froude numbers (Frd) is held as similar (e.g., Graf, 1971; Peakall et al., 1996). In this 270 

study, the Reynolds number is taken to be 271 

 272 

𝑅𝑅𝑅𝑅 =  𝑝𝑝𝑠𝑠𝑈𝑈ℎ
𝜇𝜇

      (1) 273 

   274 

where, 𝑝𝑝𝑠𝑠  is the depth-averaged density of the gravity flow measured using the density 275 

siphon array, U is mean depth-averaged velocity, μ is dynamic viscosity, and h is the height at 276 

which the streamwise velocity recorded by the UVP reaches zero at the top of the flow. The 277 

depth-averaged density and velocity values are calculated by taking measurements at regularly-278 

spaced intervals (0.05 m) from the profiles in Fig. 3A, for the velocity over the full depth of the 279 
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flow recorded by the UVP, and for the density over the available depth profile and extrapolated 280 

points at the base and top of the flow (Fig. 3A). 281 

 282 

The Reynolds number is used as an indicator of turbulence, where Re >2000 represents 283 

a fully-turbulent flow (Simpson, 1997). Based on the unconfined reference experiments, the 284 

modelled flow has a Reynolds number of 3203 (Re = 3203), 3 m downstream of the channel 285 

mouth (i.e., a fully turbulent flow).  286 

 287 

The Froude number (Fr) describes the ratio of inertial to gravitational forces for stratified 288 

flows. To indicate which of these forces is dominant, flows with a Fr >1 are termed supercritical, 289 

while flows with a Fr <1 are termed subcritical (Ellison and Turner, 1959). The critical Froude 290 

number (Frc), denoted by Frc = 1, is typically marked by a discontinuity termed a hydraulic jump, 291 

although this can vary in strongly stratified density currents (e.g., Sumner et al., 2013; Cartigny 292 

et al., 2014). For turbidity currents, the densiometric Froude number (Frd) is used to account for 293 

the reduced gravity (g’) derived from the density difference between the flow and the ambient 294 

fluid (Kneller and Buckee, 2000): 295 

𝐹𝐹𝐹𝐹𝑑𝑑 = 𝑈𝑈 /�𝑔𝑔′ℎ     (2) 296 

 297 

𝑔𝑔′ = 𝑔𝑔(𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑎𝑎)/𝑝𝑝𝑠𝑠     (3) 298 

 299 

where, g is acceleration due to gravity, and 𝑝𝑝𝑎𝑎 is the density of the ambient fluid, 300 

measured at 12 °C . 301 
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 302 

Based on the unconfined reference experiments, the modelled flow has a densiometric 303 

Froude number of 0.50 (Frd = 0.50) (i.e., a subcritical flow). This value, and the visually-observed 304 

hydraulic jump following debouching of the flow at the channel mouth, may be considered 305 

analogous to basin floor flows that have passed through the channel-lobe transition zone, 306 

experiencing a loss in flow confinement (e.g., Komar, 1971; Hodgson et al., 2022). 307 

 308 

Containing topography 309 

The topography was created using a linear, non-erodible slope. The 1.5 m wide planar slope, not 310 

spanning the full width of the 2.5 m wide flume tank, was positioned orthogonal (90°) to the 311 

primary flow direction and across the tank axis, 3 m downstream of the channel mouth (Fig. 2B). 312 

The angle was independently varied at 20°, 30°, and 40° (Fig. 2C to E). The slope had a bevelled 313 

leading edge, thus minimising any step at the base of slope. For the 20°, 30°, and 40° slope 314 

configurations the maximum height of the slope was 0.410, 0.585, and 0.760 m respectively. The 315 

containment factor (h’) value for all three slope configurations describes a flow unable to 316 

surmount the containing topographic slope (Fig. 5). Due to the width of the slope (1.5 m) 317 

compared to the width of the tank (2.5 m), the flow is partially-contained. An initial experiment 318 

was performed using a series of GoPro Hero 10 Black cameras (GoPro, Inc., San Mateo, CA, USA) 319 

to visualise the flow at each topographic configuration. Fluorescent tracer dye was injected 320 

through a series of tubes (5 mm in diameter) on to the slope surface to aid visualisation (Videos 321 

2-4). The dye injection tubes were inserted into an array of evenly-spaced drilled holes and were 322 

flush with the slope surface, thus minimising any surface irregularities. The rate of dye injection 323 
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was controlled using a peristaltic pump, set to a constant discharge rate for all experimental runs. 324 

For each slope configuration, three subsequent runs with an Acoustic Doppler velocity profiler 325 

(ADV) were performed to quantify the instantaneous flow velocities. A Nortek Vectrino ADV 326 

(Nortek Group, Rud, Norway) was used to record the instantaneous, three-dimensional flow 327 

velocities at a frequency of 100 Hz (see Table 2 for details of ADV parameters). The ADV can 328 

measure 30 measurement points with three component velocities (downstream and cross-329 

stream components, X and Y, respectively, and two measurements of the vertical component, Z1 330 

and Z2, associated to the X and Y receivers of the ADV probe, respectively) over a depth range of 331 

0.03 m. The measurement zone starts 0.04 m below the probe head, and with the basal 332 

measurement recorded at the interface of the tank floor and the slope (Fig. 4C to F). The five 333 

lowermost ADV measurement points were clipped from all experimental runs due to excessive 334 

data noise resulting from signal interferences with the floor/slope. The ADV was positioned along 335 

the tank axis, at the base of each slope configuration to quantify the instantaneous velocities of 336 

the flow interacting with the topographic slope. The position of the ADV on the slope surface was 337 

dependent on the slope angle and determined with the aid of the flow visualisation videos (see 338 

Table 1 for ADV positions). For the experiments performed with the UVP and ADV the saline 339 

density currents were seeded with neutrally-buoyant, hollow glass microspheres (Sphericel 110-340 

P8) (Potters Industries, USA) to provide an acoustic contrast to the flow, and producing the white 341 

colour to the flows (Videos 2-4). The lowermost ADV was located at the approximate height 342 

upslope at which a stable flow front developed. The uppermost position was located where the 343 

flow height was approximately 0.07 m thick; at flow thicknesses below 0.07 m, the precision of 344 

the ADV data measurement window is not considered accurate enough. All instantaneous 345 
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velocity data recorded by the UVP and ADV were post-processed to remove any data spikes more 346 

than two standard deviations away from the mean and replaced with an 11-point moving average 347 

(see Buckee et al., 2001; Keevil et al., 2006).  348 

 349 

 350 

Figure 5: Containment factor (h’) for each slope configuration (h’ = h/hmax), where h = flow height 351 

(0.11 m) and hmax = maximum run-up height. The observed hmax for the 20°, 30°, and 40° slopes 352 

is 0.30 m, 0.24 m, and 0.23 m, respectively. For all experimental configurations, the incoming 353 

flow was unable to surmount the containing topographic slope. 354 

 355 

RESULTS 356 

Unconfined flow 357 

Velocity and density structure 358 

The flow measured at 3 m downstream of the channel mouth is quasi-steady, with a radially 359 

spreading front (Video 1). Both the UVP velocity and density measurements of the unconfined 360 

flow were initiated 5 s after the head passed, and lasted for 30 s (Fig. 3A). The time-averaged 361 

streamwise velocity recorded by the UVP (Fig. 3A) gives a maximum streamwise velocity (Umax) 362 
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of 0.059 m s-1, at a height of 0.02 m (Fig. 3A). The flow height (i.e., the height at which the 363 

streamwise velocity recorded by the UVP reaches zero at the top of the flow) is 0.11 m, and the 364 

mean depth-averaged streamwise flow velocity is 0.029 m s-1. Prior to the interaction of the 365 

unconfined flow with the slope, the ADV measured the three components of velocity for the 366 

incoming front of the head of the current, over a 5 s period. The incoming flow had a Umax of 367 

0.065 ± 0.005 m s-1  (Fig. 3B); albeit the height over which the ADV measures over may not quite 368 

capture the Umax position in the 40° case (see unbroken yellow velocity profile in Fig. 3B), and 369 

thus may be an under-estimate. Over the 5 s window in which it was recording the unconfined 370 

flow velocity, the ADV measured the cross-stream velocity component as -9% to 12% of the 371 

maximum streamwise velocity, and the vertical velocity component ranges as -9% to 2% of the 372 

maximum streamwise velocity (Fig. 3B). The flow is well-stratified at a distance of 3 m 373 

downstream of the channel mouth (Fig. 6B). The dense, basal region of the flow (0.03 m thick) is 374 

separated from the dilute, upper region of the flow (0.06 m thick) by a distinct density interface 375 

(Figs 3A and 6B). The density of the flow decreases upwards from 1009 kg m-3 (0.9% excess 376 

density) in the basal region of the flow to 1000 kg m-3 at 0.080 m flow height (Fig. 3A).  377 

 378 
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 379 

Figure 6: (A) The extent of the zone of flow stripping that is generated on the slope surface for 380 

each topographic configuration. The lower limit of the zone of flow stripping is demarcated by 381 

the height of initial flow reversal. The upper limit is defined by the maximum run-up height (hmax) 382 

of the flow. The extent of the zone of flow stripping decreases with an increasing containment 383 

factor (B, C, and D) Density time series of (B) the unconfined flow recorded at the same position 384 
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as the base of slope in the topographic slope experiments, (C) at the base of the 20° slope (FC-385 

20e), and (D) 0.1 m upslope (FC-20f) along the tank axis. 386 

 387 

Flow interactions with containing topography 388 

The distance downstream from the channel mouth to the containing topography (3 m) and input 389 

flow parameters were uniform for all experimental runs. The slope was positioned orthogonal to 390 

the primary flow direction, with the slope angle independently varied at 20°, 30°, and 40°. 391 

Comparing how changes in slope angle affect the flow velocity and density structure, and 392 

evolution, provides a better understanding of processes active at the base of, and on, the slope 393 

surface. The flow visualisation (Videos 2-4) permits qualitative observations of the flow processes 394 

across the width of the slope surface and at the base of slope, while, at a quantitative level, the 395 

ADV (Figs 8, 9, 10, 12, and 13) and density (Fig. 6B-D) measurements provide data on the central 396 

axis of the flow.  397 

 398 

 399 
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Video 2: Annotated real-time video illustrating the temporal evolution of the flow with a 20° 400 

slope. Fluorescent dye injected at a series of lateral points onto the slope surface was used to 401 

visualise the interaction of the density current and the containing topography. Gridded white 402 

lines were marked on the slope surface to aid the identification of the height at which the stable 403 

flow front developed, and the maximum run-up height (hmax). 404 

 405 

 406 

Video 3: Annotated real-time video illustrating the temporal evolution of the flow with a 30° 407 

slope. Fluorescent dye injected at a series of lateral points onto the slope surface was used to 408 

visualise the interaction of the density current and the containing topography. Gridded white 409 

lines were marked on the slope surface to aid the identification of the height at which the stable 410 

flow front developed, and the maximum run-up height (hmax). 411 

 412 
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 413 

Video 4:  Annotated real-time video illustrating the temporal evolution of the flow with a 40° 414 

slope. Fluorescent dye injected at a series of lateral points onto the slope surface was used to 415 

visualise the interaction of the density current and the containing topography. Gridded white 416 

lines were marked on the slope surface to aid the identification of the height at which the stable 417 

flow front developed, and the maximum run-up height (hmax). 418 

 419 

Lateral flow spreading on the slope surface 420 

Upon incidence with the containing topography, the flow visualisation videos show that the 421 

superelevation of the flows, and the nature of the radially spreading front, differ as a function of 422 

slope angle (Videos 2-4, Fig. 7). At 20°, the flow continues to spread radially on the slope surface, 423 

diverging away from its central streamline, with a high degree of spreading towards the lateral 424 

edges of the slope (Video 2). At 20°, hmax occurs along the flow axis, approximately 0.30 m 425 

upslope (Video 2, Fig. 7A). The initial degree of lateral flow spreading on the 30° slope is like that 426 

observed at 20° (Video 3). However, because of the increased containment at 30°, the 427 

component of flow reflection on the slope surface is enhanced, resulting in less lateral flow 428 
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spreading (Video 3). At 30°, hmax occurs along the flow axis, approximately 0.24 m upslope (Video 429 

3, Fig. 7B). At 40°, the radially spreading head decelerates rapidly at the base of slope and is 430 

deflected along the basal edge of the slope (Video 4). The enhanced topographic steering 431 

generated at 40° decreases the flow’s upslope momentum compared to the 20° and 30° slopes, 432 

and hence decreases the degree of lateral flow spreading on the slope. At 40°, hmax occurs 433 

towards the lateral edges of the slope, approximately 0.23 m upslope (Video 4, Fig. 7C).  434 

 435 

 436 

 437 

Figure 7: Photographs captured using underwater cameras, with the maximum run-up height 438 

(hmax) and degree of lateral flow spreading annotated. (A) 20° slope. (B) 30° slope. (C) 40° slope. 439 
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Fluorescent dye is injected at a series of lateral points onto the slope surface using a peristaltic 440 

pump set at a constant flow rate, to aid in the visualisation of the incoming flow interacting with 441 

the slope. The hmax and degree of lateral flow spreading decreases as the angle of the slope, and 442 

hence the topographic containment factor, increases. 443 

 444 

Degree of flow thinning and stripping 445 

The flow visualisation from each slope configuration, shows that the flow thins as it decelerates 446 

upslope (Videos 2-4). Density measurements 3 m downstream show a well-stratified flow with a 447 

distinct interface between the dense, basal region and the dilute, upper region of the flow (Fig. 448 

6B). The density measurements recorded at 0.1 m upslope of the 20° slope show that the dilute 449 

region of the flow decouples from the dense region of the incoming flow (Fig. 6D) and continues 450 

to thin upslope before reaching hmax (Video 2). The thinning and density decoupling of the flow is 451 

akin to the process of flow stripping (Piper and Normark, 1983). The zone of flow stripping that 452 

develops at each slope configuration is defined qualitatively (Fig. 6A), using the flow visualisation 453 

(Videos 2-4), and supported quantitatively for the 20° slope using density measurements of the 454 

flow (Fig. 6C and D). The lower limit of the zone of flow stripping is demarcated by the height 455 

upslope at which the basal region of the flow reverses downslope (Videos 2-4), hence marking 456 

the onset of flow thinning upslope (termed ‘height of initial flow reversal’) (Fig. 6A). The upper 457 

limit of the zone of flow stripping is defined by hmax (Fig. 6A). Upon incidence with the 20° slope, 458 

the height of initial flow reversal occurs approximately 0.09 m upslope (Video 2). The dense 459 

region of the decelerating flow reverses downslope, causing the flow to thicken and mix as it 460 

interacts with the incoming flow at the base of slope, generating a non-stratified flow (Fig. 6C). 461 
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The degree of flow thinning and zone of flow stripping generated on the 20° slope is enhanced 462 

compared to the 30° slope (Fig. 6A). At 30°, the initial flow reversal occurs approximately 0.13 m 463 

upslope (Video 3) and the zone of flow stripping extends to 0.24 m upslope (Fig. 6A). At 40° slope, 464 

the flow decelerates strongly at the base of slope and there is little decoupling observed between 465 

the dense region of the flow and the more dilute region of the flow on the slope surface (Video 466 

4). The height of the initial flow reversal in this 40° case is approximately 0.18 m, slightly higher 467 

than that on the 20° and 30° slopes. Despite this, the smaller hmax value of approximately 0.23 m 468 

upslope led to a smaller zone of flow stripping (Fig. 6A). The degree of flow stripping and thinning 469 

strongly influences the character of the reversed flow at the base of slope. 470 

 471 

Primary and secondary flow reversals 472 

The first recorded negative streamwise velocity signal corresponds to the primary flow reversal 473 

(Figs 8, 9, and 10). The subsequent repeated fluctuations correspond to the secondary flow 474 

reversals (Figs 8, 9, and 10). The flow visualisation (Videos 2-4) and depth-constrained ADV 475 

velocity time-series data (Figs 8, 9, and 10) demonstrate how the magnitude of the primary flow 476 

reversal and the fluctuations of the secondary flow reversals are a function of slope angle. The 477 

magnitude of the primary flow reversal is characterised by the arrival time of the primary reversal 478 

at the base of the slope, the periodicity of the reversal, and its velocity signal.  479 

 480 

On a slope of 20°, before the primary flow reversal is recorded at the base of slope, the 481 

parental flow decelerates due to the interaction with the weakly reversing flow as it travels 482 

downslope. The primary flow reversal occurs approximately 12 s after the parental flow initially 483 
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arrived (Video 2), with a recorded streamwise velocity of approximately -0.03 m s-1 (Fig. 8C). The 484 

arrival of the primary flow reversal at the base of slope marks the onset of enhanced cross-stream 485 

velocity fluctuations as the two flow components interact (Fig. 8D). The primary flow reversal is 486 

recorded at the base of slope over a 9 s window (Fig. 8C). Before the parental flow re-establishes 487 

at the base of slope, a 4 s period of stasis, where the streamwise velocity is negligible (Fig. 8C), 488 

marks the period of the greatest cross-stream velocity variability (Fig. 8D). At 30°, there is limited 489 

deceleration of the parental flow at the base of slope before the primary flow reversal is recorded 490 

(Fig. 9C). The arrival of the primary flow reversal is recorded 6 s after the parental flow initially 491 

arrived at the base of slope (Fig. 9B), with a streamwise velocity of approximately -0.04 m s-1 (Fig. 492 

9C). The interaction between the primary flow and the reversal generates an increased cross-493 

stream velocity component at the base of slope (Fig. 9D). The primary flow reversal is maintained 494 

for approximately 10 s before the parental flow re-establishes (Video 3). At 30°, following the 495 

interaction of the primary flow reversal with the parental flow, the body of the density current 496 

appears to inflate, thickening for approximately 30 s before generating a flat-topped suspension 497 

cloud that subsequently propagates upstream of the topographic slope (Video 3). The highest 498 

degree of flow thickening is observed at the 30° slope (Video 3). At 20° and 40°, the suspension 499 

cloud generated at the base of slope is maintained for approximately 10 s and 20 s, respectively, 500 

before then propagating upstream of the topographic slope and dissipating throughout the 501 

experimental basin (Videos 2 and 4). Despite the propagation of the thickened cloud upstream, 502 

no soliton wave trains or bores were observed, as has been observed in more confined, 2D 503 

experiments (e.g., Pantin and Leeder, 1987; Edwards et al., 1994; Kneller et al., 1997). At 40°, the 504 

primary flow reversal arrives at the base of slope, approximately 12 s after the parental flow first 505 
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arrived with a decreased streamwise velocity of approximately -0.02 m s-1 (Fig. 10C). The parental 506 

flow at the base of slope re-establishes approximately 7 s after the primary flow reversal was first 507 

recorded (Fig. 10C). There is negligible streamwise velocity variability in the basal 0.005-0.01 m 508 

of the flow during the primary flow reversal (from 12-17 s of Fig. 10C), whereas the cross-stream 509 

velocity component during the primary flow reversal operates over the full height of the data 510 

acquisition window, at approximately 0.03 m s-1 (Fig. 10D).  511 

 512 

 513 

Figure 8: Acoustic Doppler velocity profiler (ADV) velocity time series of saline density currents 514 

interacting with the 20° slope. (A) and (B) Streamwise and cross-stream velocity time series 515 

respectively (z = 0.10 m upslope). (C) and (D) Streamwise and cross-stream velocity time series 516 

respectively (z = 0 m, base of slope). The clipped data from the first 7 s in (A) and (B) represents 517 

the time taken for the flow to travel from the base of slope to 0.1 m upslope. 518 
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 519 

 520 

Figure 9: Acoustic Doppler velocity profiler (ADV) velocity time series of saline density currents 521 

interacting with the 30° slope. (A) and (B) Streamwise and cross-stream velocity time series 522 

respectively (z = 0.10 m upslope). (C) and (D) Streamwise and cross-stream velocity time series 523 

respectively (z = 0 m, base of slope). The clipped data from the first 4 s in (A) and (B) represents 524 

the time taken for the flow to travel from the base of slope to 0.1 m upslope. 525 

 526 
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 527 

Figure 10: Acoustic Doppler velocity profiler (ADV) velocity time series of saline density currents 528 

interacting with the 40° slope. (A) and (B) Streamwise and cross-stream velocity time series 529 

respectively (z = 0.08 m upslope). (C) and (D) Streamwise and cross-stream velocity time series 530 

respectively (z = 0 m, base of slope). The clipped data from the first 2 s in (A) and (B) represents 531 

the time taken for the flow to travel from the base of slope to 0.08 m upslope. 532 

 533 

 A quasi-stable flow front develops on the slope surface following the primary flow 534 

reversal (Videos 2-4). The flow front is maintained for the remainder of the experiment following 535 

repeated episodes of secondary flow reversal on the slope surface and the re-establishment of 536 

the parental flow (Videos 2-4). The height upslope at which the flow front develops, the velocity 537 

structure, and the frequency of secondary flow reversals recorded on the slope surface and at 538 

the base of slope, is a function of slope angle. 539 
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 540 

At 20°, a flow front with a linear trace forms at an average height of 0.11 m upslope across 541 

the width of the slope (Fig. 11A). However, the height of the flow front fluctuates between 0.10 542 

and 0.14 m upslope as the flow repeatedly reverses downslope before the flow re-establishes 543 

(Video 2). The streamwise velocity fluctuates between 0.02 and -0.02 m s-1, and the cross-stream 544 

velocity between 0.01 and -0.01 m s-1 (Fig. 8A and B). At 30˚, the flow front develops 545 

approximately 0.10 m upslope, with a weakly sinusoidal flow front (Video 3, Fig. 11B). At 30°, the 546 

streamwise velocity of the flow front fluctuates between 0.01 and -0.01 m s-1 (Fig. 9A), and the 547 

episodes of secondary flow reversal and re-establishment are less defined compared to the 20° 548 

slope (Fig. 8A). At 40°, the initial development of the flow front coincides with greatest cross-549 

stream velocity fluctuations (approximately 0.05 m s-1) of any slope configuration (Fig. 10B). For 550 

approximately 40 s following the establishment of the flow front, the cross-stream velocity signal 551 

is maintained at approximately 0.05 m s-1, whereas the streamwise velocity signal is negligible 552 

(Fig. 10A and B). As the positive streamwise velocity at the flow front re-establishes after 553 

approximately 50 s (Fig. 10A), the cross-stream velocity becomes negative (approximately -0.02 554 

m s-1) (Fig. 10B). 555 
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 556 

 557 

Figure 11: Photographs captured using an underwater camera, with the height (annotated) at 558 

which a quasi-stable flow front develops. (A) 20° slope. (B) 30° slope. (C) 40° slope. At each 559 

topographic configuration, a quasi-stable flow front develops on the slope surface following the 560 

primary flow reversal of the flow downslope and the subsequent re-establishment of the parental 561 

flow.  562 

 563 
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Single-sided amplitude spectral analysis using a Fast Fourier Transform of the velocity 564 

fluctuations (cf., Dorrell et al., 2018b), at the lowermost ADV measurement point (0.005 m above 565 

the base of the tank/slope), was used to assess the frequency of secondary flow reversals (Fig. 566 

12). The lowermost ADV measurement point was used for these analyses as this is closest to the 567 

floor, and thus most representative of the conditions affecting sediment transport and 568 

deposition. Following the development of the flow front on the slope surface at the 20° and 40° 569 

slope (> 40 s into flow), low frequency oscillations in the range of approximately 100-10-1 Hz are 570 

observed at the middle ADV position (Fig. 12D and P, respectively). The increased power of the 571 

oscillations compared to the 30° slope (Fig. 12J) is due to the greater observed fluctuations in the 572 

streamwise velocity component (Fig. 8A, 9A, and 10A). At 20° and 40° the power spectra 573 

decreases significantly with height up-slope (Fig. 12 B, H, and N) and dissipates at the base of 574 

slope (Fig. 12F, L and R). Whereas, at 30°, the power spectra increases between the middle ADV 575 

position (Fig. 12J) and the base of slope (Fig. 12L). 576 
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Figure 12: ADV streamwise velocity time series and associated single-sided amplitude spectrum 578 

of the streamwise velocity fluctuations from each slope configuration and ADV position. The 579 

lowermost ADV data point was used (0.005 m above the base of the tank/slope surface), as this 580 

is the most representative of the conditions affecting sediment transport and deposition. (A, C, 581 

E) 20° slope, (H, J, L) 30° slope, and (N, P, R) 40° slope, streamwise velocity time series. z = height 582 

of the ADV upslope. The inset boxes display the region used in calculating the single sided 583 

amplitude spectrum of the streamwise velocity fluctuations, (B, D, F) 20˚ slope, (I, K, M) 30˚ slope, 584 

and (O, Q, S) 40˚ slope. 585 

 586 

Temporal velocity variability 587 

Flow visualisation shows the development of complex, multidirectional flows qualitatively, on 588 

the slope surface and at the base of slope (Videos 2-4). To better understand the generation of 589 

complex, multidirectional flows (i.e., combined flows), the nature of temporal streamwise and 590 

cross-stream velocity variations with position (height) on the slope are considered. Here, analysis 591 

focusses on the lowermost ADV measurement point (0.005 m above the base of the tank/slope), 592 

as measured on the axis of the flow. The incoming flow recorded at the base of each slope (<15 593 

s into flow) has a similar streamwise and cross-stream velocity signal (Fig. 13G-I). The streamwise 594 

and cross-stream velocity magnitude and variability decrease through time and with height up-595 

slope, in all cases (Fig. 13). The interaction between the primary flow and the parental flow marks 596 

the onset of increased cross-stream velocity variations at the base of the 20° and 30° slope (Fig. 597 

13G and H). At the base of the 40° slope (Fig. 13I), the streamwise velocity of the primary flow 598 

reversal and the cross-stream velocity variability before the establishment of the flow front (< 40 599 
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s into flow) is decreased compared to the lower slope angle configurations. Whereas, on the 600 

slope surface, the ADV data from the 40° slope (Fig. 13F) demonstrate increased streamwise and 601 

cross-stream velocity variability compared to the lower slope angle configurations (Fig. 13D and 602 

E).  603 

 604 

 605 
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Figure 13: Streamwise and cross-stream velocity vector variability for the duration of the 606 

experimental runs. (A, B, C) at the uppermost ADV position on the slope surface, (20°, 30°, and 607 

40° respectively), (D, E, F) at the middle ADV position (20°, 30°, and 40° respectively), (G, H, I) at 608 

the base of each slope configuration (20°, 30°, and 40° respectively). z = height of the ADV 609 

upslope. For each experimental run, the 100 Hz ADV data were decimated to 10 Hz, and the 610 

lowermost ADV data point was used (0.005 m above the base of the tank/slope surface), as this 611 

is the most representative of the conditions affecting sediment transport and deposition. The 612 

colour gradient represents time (s) in the experiments. 613 

 614 

DISCUSSION 615 

Effect of topographic containment on flow processes 616 

On the slope surface 617 

The increasing slope angle affects the velocity evolution of the density currents (Figs 8, 9, and 10) 618 

and the dominant flow processes that operate on the slope surface (Fig. 14). At 20°, the parental 619 

flow is observed to decelerate upslope, with the denser, basal region of the flow becoming 620 

weakly reflective as it reverses downslope (Video 2). The upper, dilute region of the flow 621 

decouples (or is ’stripped’) at the density interface and continues upslope whilst rapidly thinning 622 

(Fig. 6C and D), with a high degree of lateral flow spreading before reaching hmax (Video 2, Fig. 623 

7A). In the zone of flow stripping on the slope surface, the thin, dilute flow (Fig. 6D) is observed 624 

to diverge away from its axial streamline (Video 2), generating a complex, multi-directional flow 625 

(Fig. 13D). The diverging flow reverses downslope, and interacts with the parental flow to 626 
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generate combined flows high on the slope surface (Video 2, Figs 13D and Fig 14A). At 30°, a 627 

change in the dominant flow process compared to the 20° slope (Video 2 and Fig. 8C) is supported 628 

by i) the decreased rate of lateral flow spreading and flow thinning observed on the slope surface 629 

(Video 3), and ii) the increased magnitude of the primary flow reversal recorded by the earlier 630 

arrival time and increased negative streamwise velocity of the primary flow reversal at the base 631 

of slope (Fig. 9C). The increased degree of containment acts to enhance the rate of deceleration 632 

at the base of slope (Fig. 9C) and limit the upslope-momentum of the incoming flow (Video 3). As 633 

a result, the flow becomes strongly reflective (Fig. 14B). At 40°, the observed decrease in hmax 634 

and the degree of flow thinning on the slope surface (Video 4) indicates that the increased 635 

topographic containment dramatically decreases the upslope-momentum of the incoming flow. 636 

Following the arrival of the flow at the base of slope, part of the flow is observed to flow 637 

approximately normal to the orientation of the slope (Video 4, Fig. 10C). The limited upslope-638 

momentum and flow deflection at the base of slope has the effect of reducing the magnitude of 639 

the primary flow reversal at the base of slope (Fig. 10C) compared to the 20˚ and 30˚ slope (Fig. 640 

8C and 9C, respectively), and increasing the cross-stream velocity of the flow both on the slope 641 

surface and at the base of slope (Fig. 14C, F, and I). The superimposition of the strongly deflective 642 

flow with the parental flow generates highly multidirectional flows (i.e., combined flows) both at 643 

the base of, and low down on, the slope surface (Fig. 13I and F).  644 

 645 
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 646 

 647 

Figure 14: Schematic 3D summary of the primary flow processes active upon the incidence of the 648 

unconfined density current, as a function of the three slope configurations. (A) 20° slope - flow 649 

divergence is active in the enhanced zone of flow stripping that forms on the slope surface. (B) 650 

30° slope - flow reflection is the dominant process and produces a flow reversal with an increased 651 
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magnitude and enhanced flow thickening at the base of slope. (C) 40° slope – flow deflection at 652 

the base of slope limits run-up potential and generates a weakly collapsing flow. 653 

 654 

Here, the incidence of unconfined, 3D density currents upon planar frontal topographic 655 

slopes is shown to result in differences in the superelevation, the degree of flow thinning, and 656 

the velocity structure of the flow between the three slope angle configurations. In previous 2D 657 

experimental studies (e.g., Pantin and Leeder, 1987; Kneller et al., 1991, 1997; Edwards et al., 658 

1994; Patacci et al., 2015) where flows were strongly confined by the experimental basin, flow 659 

reflection has been documented as the dominant flow process with both orthogonal (e.g., Pantin 660 

and Leeder, 1987; Edwards et al., 1994; Kneller et al., 1997; Patacci et al., 2015) and oblique (e.g., 661 

Kneller et al., 1991) slopes. The inability of the density currents to radially-expand in 2D 662 

experiments poorly models the behaviour of natural turbidity currents in unconfined and weakly 663 

confined settings. Where unconfined gravity currents have been documented to interact with 664 

orthogonal counter-slopes, both in physical (e.g., Soutter et al., 2021) and numerical (e.g., 665 

Howlett et al., 2019) models, the decreased containment factor compared to the current study 666 

permits the flows to surmount the topography and bypass down-dip. The model presented here 667 

shows how the flow process regime changes from divergence-, through reflection-, to deflection-668 

dominated as the slope angle increases from 20° – 30° – 40°, respectively. This has implications 669 

for the generation of combined flows and potentially for facies and bedforms on topographic 670 

slopes. 671 

 672 
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At the base of slope 673 

In all topographic configurations, highly multi-directional flows are generated at the base of each 674 

flow, both at the base of, and on, the slope (Fig. 13D-I), and flow inflation occurs at the base of 675 

slope (Videos 2-4). These changes in flow behaviour result from the interaction of the primary 676 

flow reversal with the parental flow (Videos 2-4). The decreased magnitude of the primary flow 677 

reversal and degree of flow inflation recorded at the base of the 20° and 40° topographic 678 

configurations is attributed to the high-degree of lateral flow spreading at 20° (Fig. 8C), and the 679 

reduced upslope-momentum of the flow at 40° (Fig. 10C). Flow divergence and flow deflection 680 

are the primary flow process at 20° and 40°, respectively (Fig. 14A and C). At 30°, the magnitude 681 

of the first flow reversal recorded at the base of slope is greater than the other slope 682 

configurations (Fig. 9C), which is attributed to flow reflection being the dominant flow process 683 

(Fig. 14B) and an enhanced interaction between the reflected flow and the parental flow at the 684 

base of slope (Video 3). The observed episodes of secondary flow reversal and flow stasis (Figs 685 

8C, 9C, and 10C) indicate the quasi-steady state of the density current as it inflates at the base of 686 

slope, before subsequently dissipating farther into the experimental basin, upstream of the 687 

topographic slope (Videos 2-4).  688 

 689 

The experiments show how a sustained flow input in an unconfined experimental setting 690 

results in the inflated density current dissipating throughout the basin upstream of the 691 

topographic slope and/or being diverted around the basal edges of the slope, and the absence 692 

of flow ponding. By contrast, in experimental mini-basin settings, sustained flow input results in 693 

the progressive infilling of sediment in the first basin (up-dip of the topographic sill), until 694 
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complete flow ponding results in overspill into the second basin (Brunt et al., 2004). The 695 

conditions for flow ponding, and the development of a marked density boundary in the 696 

suspension, are further promoted in 2D flume tank experiments due to the high degree of flow 697 

confinement and topographic containment (e.g., Lamb et al., 2004; Patacci et al., 2015). Internal 698 

waves have been described as forming at a prominent density boundary in ponded suspensions 699 

(Patacci et al. 2015). 700 

 701 

Absence of internal waves in unconfined density currents 702 

The lack of distinct peaks in the frequency spectra generated at the mid-slope and base of slope 703 

positions (Fig. 12), and the observed absence of well-defined internal wave-like structures 704 

(Videos 2-4), suggests features including solitons and bores are not present in these unconfined 705 

density current experiments. Instead, these experiments demonstrate the generation of 706 

combined flows both on the slope surface and at the base of slope. Combined flows are 707 

generated due to the interaction of unconfined density currents with topographic slopes, and the 708 

superimposition of multidirectional flow components (Fig. 13), following flow thinning, 709 

deceleration, and reversal on the slope surface (Videos 2-4). Solitons and internal bores 710 

recognised in 2D experiments have been linked to the generation of an oscillatory flow 711 

component and the inception of combined flow (e.g., Pantin and Leeder, 1987; Edwards et al., 712 

1994; Kneller et al., 1997). These observations have been invoked to explain the presence of 713 

combined flow bedforms, such as hummock-like structures and symmetrical megaripples above 714 

topographic slopes in deep-water settings following flow interactions with seafloor topography 715 

(e.g., Privat et al., 2021; Tinterri et al., 2022; Martínez-Doñate et al., 2023; Siwek et al., 2023). A 716 
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new model for the generation of combined flow in unconfined density currents has implications 717 

for interpreting the degree of flow confinement and topographic containment in deep-water 718 

systems. 719 

 720 

A new model for combined flow generation 721 

Here, the generation of combined flows from physical 3D experiments of density currents is 722 

explored. At 20°, compared to the 30° and 40° slope configurations, the increased degree of flow 723 

stripping, lateral flow spreading, and hmax (Video 2), is observed to generate thin, dilute currents 724 

high on the slope surface (Fig. 6D). In this position, the diminished gravitational forces that would 725 

otherwise act to ‘pull’ the flow back down the slope allows for the dilute flow to spread laterally 726 

and strongly diverge away from the axial centreline (Video 2). The superimposition of the multi-727 

directional, diverging flow as it begins to reverse downslope with the unidirectional, yet radially-728 

expanding, parental flow, produces velocity signals with a high-degree of spatio-temporal, 729 

streamwise and cross-stream velocity variability on the slope surface (Fig. 13D) and at the base 730 

of slope (Fig. 13G). At 30°, the generation of complex, multi-directional flows is focussed towards 731 

the base of slope (Fig. 13H). The increased topographic containment leads to flow reflection and 732 

the enhanced interaction between the primary flow reversal and the parental flow (Video 3). At 733 

40°, the enhanced flow deflection at the base of slope, due to the increased degree of 734 

containment, produces complex, multidirectional flows with a strong cross-stream component 735 

both at the base of slope (Fig. 13I) and low on the slope surface (Fig. 13F). For each topographic 736 

configuration, there is an absence of internal waves (Videos 2-4, Fig. 13). This variability in 737 
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velocity and direction suggests that the generation of combined flows at different positions at 738 

the base of, and on, the slope is a function of the degree of topographic containment. 739 

 740 

In deep-marine settings, one mechanism invoked for the generation of combined flows is 741 

the superimposition of high-frequency flow oscillations over periods of hours and/or days, 742 

against a unidirectional turbidity current (e.g., Tinterri, 2011). These oscillations are postulated 743 

to be generated by the interaction of turbidity currents with seafloor topography, leading to the 744 

formation of internal waves. Previous field-based outcrop models (e.g., Tinterri et al., 2016, 2022; 745 

Privat et al., 2021; Martínez-Doñate et al., 2023) have invoked this model to interpret 746 

sedimentary structures. However, the model is based largely on semi-quantitative (Edwards et 747 

al., 1994) and quantitative (Kneller et al., 1997) observations from 2D, non-ponded flume tank 748 

experiments.  749 

 750 

A second mechanistic model for combined flow generation exists for ponded turbidity 751 

currents, whereby the formation of internal waves is independent of flow interactions with a 752 

containing slope (e.g., Patacci et al., 2015). The intensity of the internal waves was attenuated 753 

with depth (Patacci et al., 2015), seemingly exerting no direct influence on the bedload. The 754 

observations from the Patacci et al. (2015) model suggests that internal wave generation is: i) 755 

promoted in 2D, ponded experimental settings, due to the strong stratification focussed at the 756 

internal velocity, and concentration and grainsize interface, ii) dependent on the flow magnitude 757 

in 2D experimental settings, and iii) not applicable to combined flow generation in 3D density 758 

current experiments. Internal wave formation in ponded suspensions is hypothesised to exploit 759 
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the contrast between the velocity, and the concentration and grainsize layers (e.g., Patacci et al., 760 

2015). From experimental modelling of 2D gravity currents, internal wave formation has also 761 

been observed to occur at a critical layer within the body of gravity currents, at the height of the 762 

maximum internal velocity, thus suggesting the ‘steady’ body of gravity currents has inherent 763 

instabilities in the form of internal waves and may not be as steady as first assumed (e.g., 764 

Marshall et al., 2021, 2023). Whether the same mechanism for internal wave generation (e.g., 765 

Patacci et al., 2015; Marshall et al., 2021, 2023) is applicable in 3D, unconfined settings is yet to 766 

be explored. 767 

 768 

 Based on the observations from our experiments, a new model is proposed for the 769 

generation of combined flows at the base of density currents that interact with simple containing 770 

topographies. Combined flows are established following flow deceleration, thinning, and 771 

spreading on the slope surface, and the superimposition of the reversing flow with the parental 772 

flow at the base of slope. Hence, combined flows in unconfined flows are generated in the 773 

absence of internal waves. The temporal nature of the complex, multidirectional flows (i.e., 774 

combined flows) varies significantly in 3D space depending on the slope angle. Furthermore, the 775 

interaction of flows with non-planar seafloor relief, rugose flow fronts, and unsteady flows, likely 776 

further enhance the generation of combined flows above slopes. 777 

 778 

Implications for facies variations 779 

A new model for the formation of hummocks in the deep sea 780 
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Hummock-like structures have been documented in a range of deep-marine settings, including 781 

basin-plain lobes (e.g., Mulder et al., 2009; Bell et al., 2018), channel-lobe transition zones (e.g., 782 

Hofstra et al., 2018), and intraslope lobes (e.g., Privat et al., 2021; Martínez-Doñate et al., 2023). 783 

Prave and Duke (1990) and Mulder et al. (2009) invoke standing to weakly migrating waves 784 

formed by Kelvin–Helmholtz instabilities at the upper flow interface to explain the development 785 

of HCS-like bedforms. However, the primary model ascribed to their genesis is based on 786 

observations of bores in 2D reflected density current experiments (e.g., Edwards et al., 1994), 787 

and applied to outcrop models in confined/contained-reflected basins (e.g., Tinterri, 2011; 788 

Tinterri et al., 2016).  789 

 790 

The documentation of combined flow in unconfined density currents that interact with 791 

planar topography, which form in the absence of oscillatory flow from internal and surface waves, 792 

allows a new mechanistic model for the deposition of hummock-like structures to be proposed. 793 

Hummock-like bedforms in these settings are proposed to form via rapid sediment fallout as 794 

flows decelerate on the slope, under combined flows that show marked temporal variations in 795 

flow directions (Fig. 13). High-up on low angle slopes where the range of flow directions is 796 

diverse, and the primary current velocity is low, the hummock-like structures will be composed 797 

of convex or concave draping laminae that may largely lack cross-cutting relationships (Fig. 15A 798 

and 16C), as observed in examples in outcrop and core (Privat et al., 2021; Taylor et al., 2024). In 799 

part, these are analogous to isotropic hummocky-cross stratification, although the absence of 800 

cross-cutting relationships is in marked contrast to true HCS (Harms, 1969). Further down the 801 

slope where the primary flow is greater and reversals more important, cross-cutting relationships 802 
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are likely to be more frequent (e.g., Hofstra et al., 2018), producing bedforms in part analogous 803 

to anisotropic HCS (Fig. 15C and 16C). In all cases, however, higher frequency wave oscillations 804 

are not a factor in the generation of the hummocks. 805 

 806 

 807 

 808 

Figure 15: Facies photographs of turbidites deposited following the interaction with containing 809 

topography. (A) Isotropic hummock-like structures displayed in bed-tops (Neuquén Basin, 810 

Argentina). (B) Thick, massive sandstone bed (Canyon San Fernando, Baja California, Mexico). (C) 811 

Fine sandstone bed displaying ripples with opposing palaeoflow directions, overlain by 812 

anisotropic hummock-like structures (Canyon San Fernando, Baja California, Mexico). (D) Fine 813 

sandstone bed displaying small scale deformation in the form of load and flame structures (Braux 814 

Road, Annot Basin, France).  815 
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 816 

Spatial distribution of bedforms on the slope 817 

As particulate currents decelerate upon incidence with seafloor topography, suspended 818 

sediment fallout rates increase, the unidirectional component of the flow decreases, and the 819 

flows become strongly multi-directional high up on the slope surface (Fig. 16A and B). More 820 

isotropic hummock-like structures are predicted to form under such combined flows high up on 821 

low angle slopes (Figs 15A and 16B and C). Whereas the superimposition of the primary flow 822 

reversal with the unidirectional flow at the base of each slope configuration is predicted to lead 823 

to the deposition of 2D, anisotropic hummock-like structures perpendicular to the slope (Fig. 824 

15C). At 40°, the flow lines of the depletive density currents are observed to converge at the base 825 

of slope (accumulative flow), before running parallel to the slope surface (uniform flow) (see 826 

Kneller and McCaffrey, 1999) (Video 4), resulting in a quasi-uniform flow component being 827 

generated at the base of the simple orthogonal, steep slope. Towards the base of slope, the 828 

superimposition of the uniform flow component running parallel to the slope surface and the 829 

depletive, parental flow would support the generation of combined flow bedforms with 830 

multidirectional palaeoflow directions (Fig. 16B). Where subcritical density currents decelerate, 831 

often towards the base of impinging slopes or basin margins, outcrop (e.g., Tinterri and Muzzi 832 

Magalhaes, 2011; Bell et al., 2018; Tinterri et al., 2022) and experimental (e.g., Allen, 1971, 1973, 833 

1975; McGowan et al., 2024) observations of erosional features (e.g., flutes and tool marks) can 834 

act to record the regional palaeoflow direction of turbidity currents and/or more mud-rich flows 835 

(Peakall et al., 2020). As such the 2D, hummock-like structures are hypothesised to overprint the 836 

regional palaeoflow direction at the base of slope. The new model for the generation of 837 
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combined flows, and the presence of combined flow bedforms in 3D space on seafloor 838 

topography, can be used to reconstruct the form and angle of the topography (Fig. 16B and C). 839 

 840 

 841 

 842 
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Figure 16: Summary schematic diagram showing (A) the dominant flow processes observed from 843 

these experiments as a result of low-density gravity currents interacting with topographic slopes 844 

of varying angles, (B) the hypothetical deposit geometry for each topographic configuration, and 845 

the key facies and palaeo-current dispersal trends, and (C) the onlap styles for each slope 846 

configuration and the differences between 2D anisotropic-, and 3D isotropic- hummock-like 847 

bedforms (modified from Tinterri, (2011)). 848 

 849 

Liquefaction and soft sediment deformation on slopes 850 

The deceleration of the parental flows upon incidence with the topographic slopes (Videos 2-4), 851 

coupled with the multiple secondary flow reversals (Figs 8, 9, and 10) is hypothesised to generate 852 

high-rates of suspended sediment fall-out and cyclical variations in pore pressure, respectively, 853 

in particle-laden currents. These processes could lead to liquefaction of sediment resulting in 854 

repeated small-scale deformation in the form of loads and flames (Fig. 15D), and larger-scale 855 

convolute lamination (e.g., Van Andel and Komar, 1969; Pickering and Hiscott, 1985; Tinterri et 856 

al., 2016, 2022; Gladstone et al., 2018). These liquefaction features would be generated at the 857 

base of slope and where the flow front forms on the slope surface (Fig. 16B). 858 

 859 

Development of thick massive sands at the base of slope 860 

Compared to lower angle slope configurations (Video 2 and 3), the observed rapid flow 861 

deceleration at the base of the 40° slope, coupled with the limited up-slope momentum (Video 862 

4), is hypothesised to result in high rates of suspened sediment fallout and the formation of thick 863 

massive sandstone beds (Fig. 15B), which terminate abruptly at the base of slope (e.g., Lee et al., 864 
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2004) (Fig. 16B and C). The presence of thick massive sandstone beds at the base of slope could 865 

therefore provide evidence of flow interactions with seafloor topography. 866 

 867 

Draping onlap of low angle slopes 868 

The increased run-up potential of the dilute flow on the 20° slope that decouples from the co-869 

genetic dense lower region (Fig. 6D, Video 2), demonstrates how lower-concentration flows, and 870 

the more dilute regions of co-genetic flows are able to drape low-angle onlap surfaces (e.g., 871 

Bakke et al., 2013) (Fig. 16). As the dilute, upper region of the flow thins and decelerates upslope, 872 

the denser region has limited upslope momentum, and rapidly decelerates at the base of slope 873 

(Video 3). The modelled behaviour of the denser region of the flow would result in the deposition 874 

of the coarser-grained sediment fraction and the abrupt termination lower on the slope, as 875 

observed in previous experimental studies (See Fig. 13A and B in Soutter et al., 2021). However, 876 

the behaviour of the more dilute (i.e., finer-grained) part of the flow on the slope surface was not 877 

explored in the previous experimental studies due to the configuration of the topographic slope 878 

(e.g., Soutter et al., 2021). Soutter et al. (2019) observed in the Annot Basin, France, the abrupt 879 

pinch-out of high-density turbidites and the draping onlap of low-density turbidites on to the 880 

same onlap surface. The observations from the experiments herein show that higher on the slope 881 

surface the thin and decelerated flow would generate combined flows and lead to the deposition 882 

of the finer-grained sediment fraction (e.g., silt – fine sand) and the development of isotropic 883 

hummock-like bedforms (Fig. 16B and C). Coupled with the new model for the generation of 884 

combined flow, the onlap style of the resulting deposits can support reconstructions of the 885 

orientation and gradient of seafloor topography in deep-water settings. 886 
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 887 

CONCLUSIONS 888 

Froude-scaled physical models of 3D, unconfined density currents interacting with a planar 889 

orthogonal slope are used to develop a new mechanistic model for the formation of combined 890 

flows in turbidity currents. Flow visualisation and high-resolution 3D ADV data demonstrate how 891 

flow divergence, reflection and deflection are observed to be the dominant flow processes active 892 

above 20°, 30°, and 40° slopes, respectively. The increased “superelevation” and flow stripping 893 

active on the 20˚ slope promotes flow divergence and generates complex, multidirectional flows 894 

high on the slope surface. At 30˚, the extent of flow stripping and lateral flow spreading on the 895 

slope surface decreases, and flow reflection becomes the dominant flow process, producing an 896 

enhanced flow reversal. This generates increased streamwise and cross-stream velocity 897 

variations at the base of slope. At 40˚, the increased degree of topographic containment, limits 898 

the up-slope momentum of the flow, and instead deflects the flow at the base of slope.  899 

 900 

The generation of complex, multidirectional flows (i.e., combined flows) in the 901 

experiments herein are formed due to the superimposition of diverging, reflecting, and deflecting 902 

flow components with the parental flow at the base of, and on, the slope surface. A new model 903 

is developed for the generation of combined flow in unconfined flows, which highlights the 3D 904 

nature of the flow and the behaviour of the thin, dilute flow on the slope surfaces. This contrasts 905 

with previous 2D experimental studies where combined flows are invoked from the interaction 906 

of the unidirectional input flow with an oscillatory flow component generated by internal waves 907 

following the interaction of turbidity currents with topographic counter-slopes. Observations 908 
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from previous 2D experimental studies have provided the basis for the existing outcrop models 909 

that document combined flow bedforms in a host of deep-water settings. The new model for 910 

combined flow generation from these 3D experiments provides a novel mechanism for the 911 

formation and distribution of combined flow bedforms in turbidites, such as isotropic and 912 

anisotropic hummock-like bedforms, and for the triggering of soft-sediment deformation 913 

processes and the mechanics of draping onlaps vs abrupt pinch-outs. The onlap style of the 914 

resulting deposits when coupled with the new model for the generation of combined flow, can 915 

support enhanced palaeogeographic reconstructions and assessments of the degree of flow 916 

containment within deep-water systems.  917 

 918 

Therefore, even in the case of very simple flow-topography interactions, planar slopes 919 

orientated perpendicular to flow direction, complicated patterns of flow direction and behaviour 920 

are established. This points to far more complexity in the behaviour of unconfined flows in the 921 

natural world with a bewildering range of topographic configurations, flow types, and incidence 922 

angles, and that there remains much to learn on the processes and deposits of these interactions. 923 
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NOMENCLATURE 928 

Frd = densiometric Froude number 929 
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g = acceleration due to gravity (m s-2) 930 

g’ = reduced gravity  931 

h = flow height (m)  932 

hmax = maximum run-up height (m) 933 

h’ = topographic containment factor  934 

Re = Reynolds number 935 

U = mean depth-averaged velocity (m s-1) 936 

Umax = maximum streamwise velocity (m s-1) 937 

Pa = density of the ambient water (kg m-3) 938 

Ps = mean depth-averaged density of the current (kg m-3) 939 

µ = dynamic viscosity  940 
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SUPPLEMENTARY TABLE  1251 

Table S1: Reynolds Number (Re) and Densiometric Froude Number (Frd) calculations. The 1252 

Ultrasonic velocimeter Doppler profiler (UVP) measurements were recorded 3 m downstream of 1253 

the channel mouth, along the flow’s axis, and were initiated 5 s after the head of the unconfined 1254 

passed, and lasted 30 s. 1255 

 1256 

𝑅𝑅𝑅𝑅 =  
𝑝𝑝𝑠𝑠𝑈𝑈ℎ
𝜇𝜇

 1257 

 1258 

𝑔𝑔′ = 𝑔𝑔(𝑝𝑝𝑠𝑠 − 𝑝𝑝𝑎𝑎)/𝑝𝑝𝑠𝑠 1259 

 1260 

𝐹𝐹𝐹𝐹𝑑𝑑 = 𝑈𝑈�𝑔𝑔′ℎ 1261 

 1262 

Parameter  

Mean depth-averaged density of current (ps) (kg m-3) 1002.6 

Density of ambient (pa) (kg m-3) 999.6 

Mean depth-averaged streamwise velocity (U) (m s-1) 0.029 

Mean flow height (h) (m)  0.11 

Dynamic viscosity (μ) (kg m-1 s-1)  0.001 

Acceleration due to gravity (g) (m s-1) 9.81 

Reynolds number (Re) 3203 

Densiometric Froude number (Frd) 0.50 
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