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ABSTRACT 7 

Sea-floor topography can constrict, deflect, or reflect turbidity currents resulting in a range of 8 

distinctive deposits. Where flows rebound off slopes and a suspension cloud collects in an enclosed 9 

basin, ponded or contained turbidites are deposited. Ponded turbidites have been widely recognized 10 

in slope mini-basins and on small, structurally confined basin floors in strike-slip and foreland-basin 11 

settings. They can have a variable internal structure the significance of which remains poorly 12 

understood in terms of flow behavior. New experiments demonstrate that the ponding process can 13 

comprise up to four phases: 1) cloud establishment, 2) inflation, 3) steady-state maintenance, and 4) 14 

collapse. The experiments explored the behavior of sustained turbidity currents draining into small 15 

basins and show that the ponded suspensions that form are characterized by an important internal 16 

interface; this divides a lower outbound-moving layer from an upper return layer. The basal layer 17 

evolves to constant concentration and grain size, whereas the upper layer is graded (concentration 18 

and grain size decrease upward). During the cloud inflation stage, the concentration and velocity 19 

profiles of the ponded suspension evolve, and this phase can dominate the resulting deposit.  20 

Outbound internal waves can travel along the interface between the outbound and return layers and 21 

impinge against the confining slope, and their amplitude is highest when the density contrast 22 

between layers is greatest, e.g., when the input flows are thin and dense. The experiments show 23 

that flow reversals can arise in several ways (initial rebound, episodic collapse of the wedge of fluid 24 

above the counter slope, �grounding� of the internal velocity interface) and that despite steady 25 
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input, velocities decay and the deposit grades upwards. Internal waves emanate from the input 26 

point, i.e., do not form as reflections off the counter slope.  The internal grain-size interface within 27 

the suspension may dictate textural trends in sands onlapping the confining slopes.  Where flows are 28 

partially ponded, internal waves can generate pulsing overspill to basins down dip. 29 

INTRODUCTION 30 

Turbidity currents are gravity-driven �turbid� flows of water and sediment that transfer sand from 31 

the continental shelf to the deep ocean floor (Kneller and Buckee, 2000 and references therein). 32 

Flows can be of variable concentration (low- or high-density) and although noncohesive, they can 33 

evolve to become flows with cohesive behavior (e.g., hybrid flows of Haughton et al., 2009). Many 34 

turbidity currents travel down slope and out across open basin floors, where they decelerate leaving 35 

a bed with a predictable geometry and internal structure (e.g., Bouma, 1962; Lowe, 1982; Mutti, 36 

1992). However, turbidity currents can meet counter or lateral slopes, particularly where they enter 37 

structurally-controlled or salt-controlled �mini-basins� (e.g., Kneller et al., 1991; Haughton, 1994; 38 

Winker, 1996; Sinclair, 2000; Al Ja�Aidi et el., 2004; Amy et al., 2004; Jobe et al., 2012). When a 39 

current encounters topography at a scale the same as or greater than the flow thickness, the flow 40 

can be deflected, reflected, or constricted, depending on the geometry of the slope and the angle of 41 

incidence of the current (Bursik and Woods, 2000; Alexander and Morris, 1994) as shown in Figure 42 

1A-C. These processes can be generically referred to as �flow confinement� (cf. Pickering and 43 

Hiscott, 1985). When the confining topography partially or totally traps the current, resulting in the 44 

establishment of a flat-topped suspension cloud, the term �flow ponding� is used (see Van Andel 45 

and Komar, 1969). This can occur if the flow is discharged into a topographic low or if it backs up 46 

behind a constriction such as a narrow outlet channel (e.g., Twichell et al., 2005). 47 

The behavior of ponded turbidity currents depends on the relative volume and duration of the flow 48 

compared to the size and geometry of the basin. Figure 1D summarizes four end-member ponding 49 

styles, based on the duration of the flow (surge vs. sustained) and the capacity of the flow to escape 50 
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the basin (partial vs. full ponding). It should be noted that for sustained flows the degree of ponding 51 

can change during the life of the flow (see below). Surge-like flows result in rapidly collapsing 52 

ponded suspensions which may travel and be reflected across the basin only once or twice. These 53 

flows can be partially or fully ponded depending on the ability of the confining slopes to contain the 54 

entire current. Sustained flows can lead to a larger number of scenarios (from full to partial 55 

ponding): (a) the entire flow is trapped within the deep topography; (b) some of the frontal part of 56 

the flow is able to slop out as a consequence of the initial run-up but subsequently the suspension 57 

becomes fully ponded; (c) the flow is unable to slop out initially but the ponded suspension then 58 

inflates so as to eventually overspill the lip, or (d) the suspension overspills continuously following 59 

the first reflection (this is also the case when the ponded suspension backs up behind a constricted 60 

outlet channel). 61 

Ponding results in the establishment of a sediment-bearing suspension cloud thicker than the 62 

original flow. The top of this sediment cloud is a subhorizontal, turbulence-free, detrainment 63 

interface (Lamb et al., 2004; Toniolo et al., 2006a and 2006b). The initial level of the interface is 64 

determined by the reflection behavior (scale of the bore), which is related to the thickness of the 65 

flow (Muck and Underwood, 1990) and the geometry of the counter slope. 66 

In the case of a sustained-input flow, the ponding process can be divided into two main phases. The 67 

first is an unsteady �inflation� build-up phase during which the characteristics of the suspension 68 

cloud (height, velocity, and concentration structure) change coherently through time. This is 69 

followed by a quasi-steady phase when the same parameters are steady when averaged over a 70 

certain period. The build-up phase begins with the first reflection of the flow and the generation of 71 

an upstream-moving bore, and continues well after the establishment of the ponded suspension 72 

cloud and its subhorizontal upper interface. 73 

Flow confinement (reflection, deflection, or constriction) and flow ponding of turbidity currents can 74 

lead to distinctive �confined� and �ponded� turbidites. Such deposits have been described from a 75 
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number of ancient and modern basins (e.g., Pickering and Hiscott, 1985; Haughton, 1994; Kneller 76 

and McCaffrey, 1999; Muzzi Magalhaes and Tinterri, 2010; Remacha et al., 2005; Smith, 2004 and 77 

references therein), and a variety of bed types and characteristic features have been identified (Fig. 78 

2), although the link between deposit structure and original flow behavior remains poorly 79 

understood. 80 

Confined and ponded turbidites are economically important as they can host significant hydrocarbon 81 

reservoirs (e.g., Gulf of Mexico; see discoveries reported by Holman and Robertson, 1994, and 82 

Mahaffie, 1994), as they often comprise thick clean sandstone units which onlap muddy slopes that 83 

can provide a lateral seal (McCaffrey and Kneller, 2001; Bakke et al., 2013). Therefore, it is important 84 

to understand how the interaction of turbidity currents with topography can dictate changes in 85 

texture and thickness in the sands deposited. 86 

Early flume experiments on confined turbidity currents focused on surge flows reflected or deflected 87 

against frontal (Pantin and Leeder, 1987; Muck and Underwood, 1990; Edwards et al., 1994) and 88 

lateral or oblique confining slopes (Amy et al., 2004; Kneller et al., 1991). These experiments 89 

described mainly the visible structures of the flow, including run-up height and the formation of 90 

bores and solitons, but they gave limited insight into the internal behavior of the current. 91 

Experiments by Lamb et al. (2004) and Toniolo et al. (2006a, 2006b) investigated flow geometry and 92 

concentration trends in fully and partially ponded sustained turbidity currents carrying a 93 

monodisperse grain-size distribution. Sequeiros et al. (2009) investigated mixed saline and sediment-94 

bearing sustained turbidity currents meeting an obstacle and reported vertical profiles of 95 

streamwise velocity indicating a complex circulation pattern in the ponded wedge of fluid. However, 96 

the wide range of confined and ponded turbidite bed types is not explained by the current models, 97 

and many aspects of the flow behavior of a ponded turbidity current remain poorly understood.  98 

This paper provides new insights into the behavior of sustained ponded suspension clouds, focussing 99 

on: a) 3D velocity structure, b) turbulence intensity, c) flow behavior during the build-up phase, and 100 
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d) trends in concentration and grain size for flows carrying a polydisperse grain-size distribution. The 101 

newly described flow structures have implications for deposits, particularly in onlap situations and 102 

thus for turbiditic stratigraphic traps. The link between flow behavior and the experimental deposit 103 

is discussed, leading to a better understanding of ponded turbidites in outcrop and in the 104 

subsurface. 105 

EXPERIMENTAL SETUP AND PROCEDURE 106 

Thirty-one experimental runs were undertaken at the Sorby Environmental Fluid Dynamics 107 

Laboratory (University of Leeds). Of these a subset of ten, representing a wide range of input 108 

conditions, are presented here. A number of experimental basins of various lengths and degrees of 109 

confinement were used. Table 1 and Figure 3A and B summarize the flow input parameters and the 110 

tank geometry for the runs considered in this paper. The experimental tank was filled to a depth of 111 

80 cm with tap water and was nested within a larger water-filled flume tank. Water exchange 112 

between the two was possible at the free surface level on one side of the experimental tank and � in 113 

series L runs � above the lip of the confining slope.  114 

Gravity flows were produced by mixing tap water and industrial glass beads (Vaquashene) with a 115 

narrow grain-size distribution and a median of ~ 40 ʅm (Fig. 3C). All input flows had a nominal 116 

concentration of 3% by volume. Fluid was prepared in a 2 m
3
 mixing tank and was pumped either 117 

directly to the discharge system (Series G runs) or into a loop feeding a 70 liter head tank from 118 

where it drained by gravity into the discharge system (Series L runs). Fluid discharge was kept steady 119 

for 10 minutes to generate steady, noncohesive gravity flows that were fully turbulent (calculated 120 

Reynold numbers of the body of the generated currents varied between 10,000 and 30,000). 121 

In Series G experiments, fluid was discharged into the experimental tank through a two-pipe system. 122 

Fluid was pumped into an inner vertical pipe, sealed at the end, from where it moved into a larger 123 

surrounding pipe through a number of 8 mm holes in the sidewalls. This mechanism was designed to 124 
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prevent jet flow and to suppress mixing in order to generate thin and dense turbidity currents. At 125 

the end of the large pipe, a bend resting on the tank floor and facing down the tank allowed fluid 126 

release. In Series L experiments, fluid was discharged into the experimental tank through a single 127 

vertical pipe with a right-angle bend facing the back wall and positioned 10 cm away from it. The 128 

pipe was located at the top of a one-meter-long inlet slope dipping 10 degrees. This system was 129 

designed to produce strong mixing (i.e., making thick, low-density currents) while avoiding jet flow 130 

as the fluid reflects against the back wall and collapses gravitationally down the slope.  131 

The generated flows can be approximated as two-dimensional �slot� flows (i.e., cross-flow gradients 132 

in flow structure are considered to be insignificant, apart from wall effects discussed below); lateral 133 

expansion of the flow occurred only at the point of discharge from the pipe. During fluid discharge 134 

an outlet pump located in the dump area of the outer tank was activated to remove enough fluid to 135 

ensure a constant water level. The dump area also helped in to minimize reflections off the back wall 136 

of the larger, containing flume tank in Series L experiments. 137 

Velocity 138 

An ultrasonic velocity profiler (UVP) was used to record the velocity field of the flow. UVP uses the 139 

information on Doppler shift frequency contained in an ultrasound signal emitted by a probe and 140 

echoed back by particles contained in the fluid. Each UVP probe measures the instantaneous flow 141 

velocity at 128 points along its axis (see Takeda, 1991, for a technical explanation of the 142 

methodology) extending 10 to 29 cm from the probe head in the configuration used. The orientation 143 

of two or three probes can be arranged in order that their measurement axes intersect. When three 144 

probes are arranged orthogonally to each other, it is possible to compute three-dimensional velocity 145 

vectors for their intersection point.  146 

Twelve UVP probes were fixed into the side wall of the inner experimental tank, and one was fixed 147 

to a rigid support vertically 30.5 cm above the floor of the tank and oriented pointing vertically 148 
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downwards, to allow non-intrusive measurement of three-dimensional velocity vectors along a 149 

vertical transect. The 3D velocity was recorded along a line orthogonal to the floor located between 150 

2.5 and 20.5 cm above the floor and 12.1 cm from the side wall (Fig. 3D). This position slightly above 151 

the floor and almost in the middle of the tank was chosen to avoid the lower part of the current, 152 

where deposition takes place, and UVP measurements may cut out and to minimize any wall effects. 153 

Strong wall effects were measured within 5 cm of the walls during initial testing of the set-up.  154 

Best et al., 2001 (and references therein) reviewed the principles of UVP methodology and its two 155 

key assumptions: 1) there is no slip velocity between fluid and suspended sediment, and 2) spatial 156 

change in flow density and therefore change in ultrasound velocity is less than the error limits in the 157 

methodology. The second assumption is perfectly valid at the concentration used (3% by volume) as 158 

reported by Best et al. (2001). The validity of the slip-velocity assumption is more difficult to assess 159 

because particle-turbulence interaction is not yet fully understood (see Leeder et al., 2005 for a 160 

review of current physical understanding). However, many authors have pointed out that small 161 

particles are more likely to follow fluid motion than larger grains (e.g., Owen, 1969; Hetsroni, 1989; 162 

Elchobashi, 1994). Best et al. (1997) used phase Doppler anemometry (PDA) to measure slip 163 

velocities for glass spheres in an open-channel flow recirculating at 57 cm/s. They showed that slip 164 

velocities for particles in the range 100-150 ʅm are ~ 2% of depth-averaged flow velocity and set a 165 

threshold of 88 ʅm to distinguish �fluid grains� (grains assumed to closely follow fluid motion) from 166 

�sediment grains�. In conclusion, the size of the particles in the current experiments (~ 40 ʅm) is 167 

small enough to infer that slip velocities would have been insignificant. The small ratio of the settling 168 

velocity of the particles (~ 0.14 cm/s according to Stokes� Law) to the typical mean flow velocities 169 

(between 1 and 20 cm/s) reinforces this inference. 170 

Calculation of RMS Velocity  171 

�Root-mean-square� (RMS) velocity was calculated using the collected 3D velocity dataset according 172 

to the equation  173 



8 

 

懸掴琢托託 噺  彪な 券 茅  布岫懸掴┸沈 伐 懸掴岻態津
沈退怠  

where n is the number of samples, vx,i is the instantaneous velocity along the axis x at point I, and vx 174 

is the average velocity along the x axis over the selected window. 175 

The most significant issue when computing RMS velocity is the choice of a suitable time window. In 176 

the literature, very different choices are present (e.g., 7 to 37 s in Best et al., 2001; 1 s in Kneller et 177 

al., 1997; 1.87 s in Baas et al., 2005; 12 s in Buckee et al., 2001). The size of the window depends on 178 

the velocity sampling rate and the frequency rate in the dataset, and it is a compromise between 179 

preserving the detail of the small-scale turbulence fluctuations (for which a small window is better) 180 

and having a representative flow velocity average and a smooth resulting time series (for which a 181 

large window is better). In the present study the use of the UVP methodology allowed independent 182 

calculation of RMS velocity using a space window in addition to a more conventional time window. 183 

The former was possible thanks to each UVP probe measuring the instantaneous velocity for 128 184 

points along the probe axis. The collected UVP dataset has a bin spacing of 1.48 mm and a sample 185 

frequency of ~ 2 Hz. A 2.4 cm space window (16 bins) and a 5 s time window (~ 10 bins) were chosen 186 

after initial testing as the best compromise. Note how the space window can be thought of as a 187 

more conventional time window considering the average flow velocity (e.g., average flow of 24 cm/s 188 

results in a 0.1 s time window and 2.4 cm/s in a 1 s time window). The space window allowed 189 

shorter-period fluctuations to be measured compared to the time window, which was more 190 

sensitive to longer-lived structures. Collected data show a very good degree of agreement between 191 

the two windows, strengthening confidence in the data interpretation. 192 

Concentration and Grain Size 193 

Sediment concentration and grain-size distribution of the suspension were measured from fluid 194 

samples collected during the runs through a siphoning system embedded into the side wall of the 195 
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tank (�measuring localities� in Fig. 3A and B). Six pipes were inserted into holes drilled in the tank 196 

wall along a line orthogonal to the floor at the same distance from the inlet as the UVP probes but 197 

on the opposite side of the tank. In each pipe a constant flow of fluid (~ 230 ml/min) from the tank 198 

to a drain was achieved using a peristaltic pump. Flow velocity was set to ~ 20 cm/s. The value was 199 

chosen after preliminary testing as a good compromise between causing a small enough 200 

perturbation in the flow structure (for which a lower velocity is better) and avoiding any settling in 201 

the pipes and recovering enough sample (higher velocity better). Empty beakers were arranged on a 202 

sliding table, and at predefined time intervals (usually every 15 or 30 seconds) they were filled with 203 

the fluid issuing from the six siphoning pipes. The beakers were filled with ~ 30 ml in 8 seconds. 204 

Following the experiment, sediment concentration in the beakers was calculated by weighing the 205 

wet and dried content. For some of the runs, the dried sediment samples were wetted, 206 

disaggregated, and fed to a Malvern 2000 laser grain sizer to obtain measures of the grain-size 207 

distribution at different levels of the ponded suspension. 208 

Velocity and Concentration Measuring Localities 209 

Due to experimental constraints it was not possible to measure velocity and concentration at 210 

different localities during a single run. However, Runs L4 and L5 were designed to be repeats (same 211 

tank geometry and input flow conditions) in which only the measuring locations varied. L4 212 

measuring arrays were in the flat part of the basin, while the L5 measuring locality was above the 213 

confining slope (see Fig. 3B). These twin runs are used through the paper to illustrate streamwise 214 

velocity gradients in the experimental tank. 215 

Input flow discharge and concentration for these twin runs were monitored during their entire 216 

duration and very good similarity was achieved (1.91 l/s and 2.87% volume for L4 and 1.89 l/s and 217 

2.88% volume for L5). On the other hand, input grain size could not be directly monitored, but 218 

evidence from the suspension cloud and the deposit suggests a D50 value of ~ 40 ʅm for L4 and ~ 35 219 

ʅm for L5. This is assumed not to have a significant impact on the flow behavior and velocity profiles, 220 
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but its impact on the concentration and grain size fields meant that streamwise gradients in 221 

concentration and grain size could not be inferred using this methodology. 222 

Image Analysis of Video Recording 223 

Video recordings taken through the side walls of the experimental tank were used to extract 224 

information on the internal structure of the flow. Quantitative calibration of the concentration 225 

values to extract concentration gradients was unsuccessful due to the nonlinear relationship 226 

between color and concentration and because of the difficulty of comparing areas far away from 227 

each other due to different light condition across the tank (different distance from light source and 228 

different angle of incidence of the light). However, on a tens-of-centimeters scale, the position of an 229 

arbitrary color threshold (representing a line of equal concentration) could be easily followed in a 230 

quantitative way and with good resolution. Such color thresholds in the flow were usually 231 

subhorizontal; therefore the height of a number of them at different vertical positions above the 232 

slope was a useful value to monitor. The height of a color threshold high in the flow can be used as a 233 

proxy for the position of the interface between clean water and dirty water, while the height of a 234 

color threshold in the ponded cloud can help to track the position of internal concentration 235 

isopycnals. This methodology also helps constrain the characteristics of the internal waves which 236 

displace such interfaces. Wave parameters such as phase velocity, frequency, and amplitude can be 237 

calculated from time series of the height of a selected color threshold. 238 

Experimental Deposit 239 

Deposit analysis was undertaken for a selected number of runs. After slow draining of the tank to 240 

minimize sliding, deposit samples were collected for a number of locations on the basin floor and 241 

above the confining slope. Laser particle sizing and SEM photography were used to characterize the 242 

deposit texture. Laser measurements are quicker but only allow vertically averaged measurements 243 

of the grain size. In contrast, SEM photography is lengthy (the sample has to be fixed, cut, and 244 
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polished, and photographs have to be taken, stitched, and processed with image-analysis software), 245 

but this approach allows detailed vertical profiles of grain size to be measured. 246 

EXPERIMENTAL RESULTS � FLOW BEHAVIOR  247 

Reflection and First Basal Flow Reversal 248 

When a turbidity current is released into the experimental tank, it travels along the basin until it 249 

meets the confining slope. After running up slope and reaching its maximum height the flow starts to 250 

collapse (see also Pantin and Leeder, 1987 and Edwards et al., 1994). The internal velocity structure 251 

of the current decelerating against the confinement is characterized by the development of a basal 252 

flow reversal on the confining slope (Figs. 4A and 5A). This is termed the �first basal flow reversal� to 253 

distinguish it from subsequent basal flow reversals seen in some experiments. The reversal travels 254 

toward the inlet, and although it tends to dissipate through time it can reach well into the flat part of 255 

the basin (Figs. 4B, C and 5B). On the slope, after the first reversal fades away it is initially succeeded 256 

by very low-velocity outbound flow (Fig. 4C) until faster outbound flow is re-established. In lower-257 

velocity experiments (e.g., L6) the reversal may not occur; instead an area of very low outbound 258 

velocity is developed. 259 

The generation of an upstream-migrating velocity reversal in the basal part of the current just above 260 

the confining slope is coupled to the occurrence of an upstream-migrating hump (bore) in the bulk 261 

flow. This thickening of the flow occurs as the outbound flow is forced to move upward as it 262 

approaches the area where the basal reversal occurs. This moving bore in surge-like experiments 263 

soon breaks into a series of solitons (Pantin and Leeder, 1987; Edwards et al., 1994). This is not 264 

observed in the present experiments, probably due to the sustained character of the input flow, 265 

leading to a longer-duration hump and also due to the short length of the tank, preventing the 266 

breaking to develop fully. Immediately after the passage of the bore, the thickness of the flow is 267 

increased by a factor of 1.5-2. As the hump reaches the inlet, the basin is filled by a sediment-268 
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bearing cloud which is thicker than the original turbidity current and has a sharp subhorizontal upper 269 

settling interface (Fig. 4D; Toniolo et al., 2006a, 2006b). 270 

Velocity Structure 271 

The ponded cloud during the inflation phase presents a 3D velocity structure with a number of 272 

distinctive features that are maintained through the entire duration of flow input. After the flow 273 

reversal fades and gives way to a newly established outbound flow, the horizontal streamwise 274 

component of the velocity within the ponded cloud becomes layered. An outbound basal layer is 275 

overlain by a return flow layer. A third thin upper outbound layer can also be present but is 276 

volumetrically less significant. The interface that separates the basal outbound layer from the upper 277 

return flow is here termed the �internal velocity interface� (Figs. 4D, 5E). 278 

The vertical component of the velocity within the ponded cloud is also significantly affected by 279 

ponding. In an unconfined current such as L3 the average vertical velocity is close to zero (Fig. 6A). 280 

However, when a confining slope is added to the configuration (L4), with other boundary conditions 281 

and the measurement locality being the same, a significant upward-directed average vertical velocity 282 

is recorded (Fig. 6B). This upward velocity decreases toward the confining slope, as shown in Figure 283 

6C, and it is expected to disappear completely higher up the slope. 284 

The overall flow structure can be described as a large-scale circulation cell that carries sediment 285 

away from the input in the lower layer, transfers it upward in the downstream half of the basin, and 286 

returns it toward the input through the upper layer (Fig. 4D). The upward-directed component of the 287 

velocity in the flat part of the basin is interpreted as result of the deceleration of the outbound flow 288 

against the confining slope. Part of the momentum of the outbound flow, which is obstructed by 289 

collapsing flow above the confining slope, is �diverted� upward. This interpretation is supported by 290 

the similarity of this process with the upward shift of the outbound flow when meeting the first flow 291 

reversal (Fig. 4A, B). As sediment is continuously moved upward by this mechanism, this is 292 
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interpreted to be the main pathway whereby sediment is delivered to the upper parts of the 293 

sediment-bearing cloud. It follows that when the basin extends in length to the point that this 294 

mechanism cannot operate (i.e., the outbound velocity is too low at the point of incidence with the 295 

slope for any part of the flow to become superelevated), turbidity-current ponding is not achieved 296 

and the flow behaves effectively as if unconfined. 297 

Turbulence Distribution 298 

The presence and role of turbulence in a ponded turbidity current has been questioned by Toniolo et 299 

al. (2006a, 2006b), who consider the flow to be passively collapsing following passage through a 300 

hydraulic jump on basin entry. Turbulence intensity can be evaluated using RMS velocity as proxy 301 

(Kneller et al., 1997; Buckee et al., 2001). The methodology and its limitations are described above. 302 

RMS velocity values in a contained turbidity current are significant, though smaller than those 303 

recorded in a similar but unconfined flow. In ponded conditions, RMS velocity in the middle of the 304 

basin is ~ 75% of an unconfined flow and it decreases to ~ 50% above the confining slope (L4 and L5 305 

compared to L3) as shown in Figure 6G-I. Higher values are usually recorded in the lower half of the 306 

flow, and this is consistent for ponded and unconfined flows, even though the increased flow 307 

thickness in case of ponding does not allow direct comparison of vertical velocities.  308 

The turbulence intensity in the ponded suspension is thought to be dependent on the strength of 309 

the turbulence characterizing the inlet flow and also possibly by local generation of turbulence in the 310 

ponded basin, due to flow-substrate interaction or interaction between velocity layers. Flow collapse 311 

off the confining slope is also a likely mechanism for generation of turbulence. High turbulence is 312 

thought to promote a higher rate of cloud inflation because of lower sedimentation rate due to bed-313 

load re-suspension and due to greater turbulent diffusion of sediment. However, a quantitative 314 

estimation of such effects has not been attempted as part of these experiments. 315 

Concentration and Grain-Size Structure 316 
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The concentration and grain-size structure of the ponded suspension is also stratified. A basal flow 317 

layer with constant concentration and grain size is overlain by an upper fining-upward flow layer 318 

with a corresponding decrease in concentration. The surface separating the two layers is termed the 319 

�internal concentration interface� (Fig. 7). In those experiments for which appropriate data are 320 

available (run Ga) the position of the breaks in the gradient of concentration and grain size are seen 321 

to coincide. The relationship between the internal concentration interface and the internal velocity 322 

interface is hard to constrain due to the presence of internal waves (see below). However, it appears 323 

that they too at least crudely coincide (Fig. 7). 324 

Internal Waves 325 

Internal waves are oscillations that travel within the interior of a fluid and can propagate due to the 326 

stratified density structure of the medium (see Apel, 2002, for a review on the physics of internal 327 

waves). They characterize all the ponded suspensions generated, and video recordings show that 328 

they consistently travel along the internal density interface toward the confining slope (Fig. 8A, B). 329 

Smaller-amplitude internal waves can also be observed along the upper interface or within the 330 

graded upper layer. 331 

Waves are manifested both in the vertical and the horizontal component of the velocity field, and 332 

they describe an orbital motion (Fig. 8D). The related velocity fluctuations extend through most of 333 

the suspension, not only at the interface position. 334 

When the waves reach the confinement, either they spill over the lip or they dissipate on the slope. 335 

There is no evidence of the waves being reflected off the confining slope. When waves overspill the 336 

lip, they generate significant pulsing in the flows bypassing toward deeper bathymetry. Internal 337 

waves are symmetric; sometimes they can travel in packets of up to ten waves with the highest 338 

amplitude in the middle of the packet (e.g., observe time series for run L6 between 100 and 200 339 

seconds in Fig. 8C). They develop as the suspension becomes stratified, and decay with time but do 340 
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not entirely disappear. The amplitude and frequency of the internal waves appears to be related to 341 

the vertical density gradient within the suspension cloud. A sharp gradient results in higher-342 

amplitude and higher-frequency internal waves (Fig. 8E). 343 

The generation mechanism for the internal waves appears to be tied to the flow behavior of the 344 

turbidity current. Velocity pulses have been recorded within natural steady turbidity currents (e.g., 345 

Best et al., 2005); at the laboratory scale they appear to be related to the long-period turbulent 346 

structures, which can be observed as large-scale Kelvin-Helmholtz instabilities (which have similar 347 

durations of 5-20 seconds).  348 

Velocity pulses within the turbidity current (e.g., Kneller et al., 1997) seem the most likely 349 

mechanism to generate internal waves, near the inlet, from where they travel toward the confining 350 

slope (cf. Tinterri, 2011, their Table 3). When the input flow enters the ponded suspension, the 351 

presence of the flow pulses disturbs both the upper settling interface and the internal concentration 352 

interface, with the second often being where the steepest concentration gradient is present, 353 

resulting in the most significant waves. Finally, it is speculated that reflection and constructive 354 

interference between internal waves could lead to increase in wave amplitude and energy. However, 355 

no wave-interference effects have been observed in the present experiments. 356 

Basal Flow Reversals 357 

Significant flow reversals can occur at the base of a ponded turbidity current or in the basal layer. 358 

Whereas negative local streamwise velocities can be present in the higher portion of any turbidity 359 

current as part of the Kelvin�Helmholtz instabilities, the occurrence of basal flow reversals in a 360 

turbidity current is related to the presence of confining topography. 361 

According to their vertical location, duration, and vertical extent, basal flow reversals can be 362 

grouped into three types. Type A (�first basal flow reversal�) consists of high-velocity and highly 363 

turbulent return flow generated within the head of the current upon its reflection against the 364 
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confinement. This has been described and interpreted above and can comprise one single reversal 365 

or a series of two or three in rapid succession (e.g., Fig. 9A). Type B (�downward-shift flow 366 

reversals�) usually lasts 2-10 seconds and consists of low-velocity flow structures occurring when the 367 

upper return layer shifts downward and reaches the floor (Figure 9B; see below for genetic 368 

mechanism). Finally, type C (�internal flow reversals�) includes isolated patches of return flow in the 369 

basal layer of the suspension cloud, which may or may not reach the floor. They can be the longest 370 

in duration (up to 30 seconds) and are generally of low velocity (Figure 9C). 371 

Downward-shift flow reversals (type B) are commonplace in thin suspension clouds with significant 372 

internal waves. They are generated when the internal waves are able to push the internal interface 373 

between the basal outbound layer and the upper return layer down to floor level. On the other 374 

hand, internal reversals (type C) are generated in thick suspensions. In this scenario, a portion of the 375 

flow may collapse off the slope, causing the outbound flow either to entirely shift upward (resulting 376 

in an isolated basal reversal) or both upward and downward, leaving the return flow sandwiched 377 

between areas of outbound flow. The cross-flow extent of the reversals is difficult to establish, due 378 

to the slot nature of the experimental flows. 379 

Inlet Flow and Ponded Suspension 380 

The point where the inlet flow enters the ponded suspension is of particular interest. In the 381 

described experiments the inlet flow was always denser than the sediment cloud (and this seems to 382 

be a likely natural scenario), therefore it behaved as an underflow on entering the ponded 383 

suspension. However, other cases where the concentration of the inlet is similar to or smaller than 384 

that of the ponded cloud may lead to different flow behavior (e.g., interflows in lakes; see Best et al., 385 

2005). It must be noted that in most of the present runs (except L7) the point where the fluid was 386 

released into the experimental tank became submerged by the ponded suspension during the 387 

experiment. In contrast, in natural examples the flow will always enter the ponded suspension from 388 

above, having been generated much higher up slope compared to the maximum height of the 389 
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ponded cloud. However, because the inlet flow behaves as an underflow, this configuration appears 390 

not to affect flow behavior significantly and a hydraulic jump where the inlet flow enters the ponded 391 

suspension seems to be unimportant in governing the behavior of the sediment cloud (cf. Lamb et 392 

al., 2004; Toniolo et al., 2006a, 2006b). A hydraulic jump related to the slope break could occur in 393 

the underflow according to slope-break geometry and input conditions, but it could not be observed 394 

due to the opaque nature of the suspension cloud. 395 

Flow Evolution during the Unsteady Build-Up Phase 396 

After the ponded suspension is established (e.g., around two minutes from initiation of the current 397 

in L8), the unsteady build-up phase continues for a significant length of time (around eight minutes 398 

in L8). During this period, the ponded interface rises and the average concentration of the sediment 399 

cloud increases, as well as the concentration of the basal layer (Fig. 10). The rate of concentration 400 

increase in the overall cloud and in the basal layer declines asymptotically (closely following an 401 

exponential relationship) until a steady state is reached. The absolute value of the concentration 402 

reached in the basal layer depends on input flow discharge and concentration, while slope angle has 403 

no significant effect.  404 

The unsteady phase is also characterized by a temporal decrease in the streamwise velocity 405 

component of the basal outbound flow. This drop is more important closer to the input (average 406 

velocity in L4 decreases by 50% during 10 minutes pumping time), while it is less significant on the 407 

confining slope, where slower velocities characterize the suspension from the beginning (see Fig. 6E, 408 

F). The change in flow velocity is interpreted as the result of the increase in concentration of the 409 

ponded cloud, leading to a reduction in density contrast between the inlet flow and the suspension 410 

it underflows. 411 

Turbulence intensity and average grain size in the ponded cloud also decrease through time, as 412 

shown by Figure 6H, I and Figure 11. Decrease in turbulence intensity can be tied to the decrease in 413 
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streamwise velocity. As a result of turbulence loss, the coarser grain sizes must be deposited in 414 

progressively more proximal locations through time, therefore average grain size in the cloud at a 415 

particular point must decrease. 416 

EXPERIMENTAL RESULTS � DEPOSIT 417 

Streamwise Grain-Size Trends in The Deposit  418 

Bulk deposit samples allow streamwise deposit trends to be assessed (Fig. 12). Unconfined currents 419 

(e.g., L3) show no systematic change in grain size downstream (with the given input conditions and 420 

at the length scale of the tank), while ponded flows show fining up the confining slope, particularly 421 

when discharge is low and the degree of confinement high (e.g., L6). If discharge is high and 422 

confinement low, a very subtle fining trend can be recorded (e.g., L8). The coarsest deposit is 423 

measured on the lower part of the confining slope, whereas the values in the basin are usually 424 

slightly finer (Fig. 12).  425 

The fining-upslope trend in the deposit is, perhaps, intuitive, and it appears to be linked to two 426 

factors: the decrease in near-floor velocity as the flow moves up the slope and the fining-upward 427 

vertical grain size gradient in the ponded cloud. Run L6 shows that grain size does not change much 428 

until the last 100 cm beyond the base of the slope (Fig. 12). This position corresponds to a height of 429 

~ 20 cm (slope is tilted 10 degrees), which roughly corresponds to the measured position of the 430 

internal interface (see Fig. 7). The finer values recorded in the basin are likely caused by the 431 

accumulation of the very fine grains in suspension in the upper portion of the current (either by 432 

direct deposition at the end of the run or postdepositional remobilization of the very thin and fluid 433 

top layer). 434 

Vertical Grain-Size Trends in The Deposit  435 

Vertical profiles through the sampled deposit show a weak fining-upward grain-size trend through 436 

most of the bed, capped by a thin strongly fining-upward upper division (Fig. 13). The thick weakly 437 
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fining-upward portion is deposited during the unsteady build-up phase, and the grain size trend can 438 

be predicted by observing the decrease in average grain size in the cloud during that phase (Fig. 11). 439 

In experiments where the suspension cloud is very thick, a significant part of this weakly fining-up 440 

portion of the deposit may be deposited by the collapse of the lower part of the ponded cloud. The 441 

upper thin cap is deposited after pumping stopped and most of the cloud collapsed; it represents 442 

the progressive deposition of the upper portions of the ponded sediment-bearing cloud (Fig. 13). 443 

DISCUSSION 444 

The experiments were targeted to investigate flow processes related to ponding of a fully turbulent 445 

and low-density, sustained turbidity current, to compare and contrast the results of the containment 446 

of surge-like currents (Pantin and Leeder, 1987; Muck and Underwood, 1990; Edwards et al., 1994) 447 

and to build on data and models provided by Lamb et al. (2004) and Toniolo et al. (2006a, 2006b). 448 

The focus on the initial phases of the ponding process allows comparison and contrast with surge-449 

like experiments (such as in Pantin and Leeder, 1987, and Edwards et al., 1994). In particular, in the 450 

experiments reported here the first reflection does not seem to produce a train of solitary waves. 451 

This is likely because of the sustained character of the input flow, leading to a longer-duration bore 452 

and to the short length of the tank, preventing the breaking to develop fully. 453 

The condition through which a turbidity current can flow into a mini-basin and yet produce no 454 

outflow as concluded by Lamb et al. (2004) is confirmed by the these experiments. Similarly, the 455 

build-up of a ponded suspension characterized by a subhorizontal upper interface between dirty 456 

water and clean water, along which water detrainment takes place with virtually no turbulent mixing 457 

(Toniolo et al., 2006a, 2006b), is also observed. 458 

The evolution of the ponded suspension under steady input condition consists of an unsteady phase, 459 

followed by a quasi-steady phase after equilibrium is reached. The unsteady build-up phase of the 460 

ponded process is significant in terms of duration and deposit. During this time, streamwise velocity, 461 
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turbulence, and suspension grain size decay with time. The significance of this phase and its 462 

characterization are newly established results of these experiments. 463 

The internal structure of a ponded turbidity current is layered. Two main layers can be recognized 464 

both in the velocity and in the concentration and grain-size structure. An outbound moving layer 465 

with constant concentration and grain size is overlain by a return layer characterized by a graded 466 

upward-decreasing concentration and grain size. The interface between the two layers, the �internal 467 

interface�, is a newly described feature. 468 

In these experiments, the inlet flow entering the ponded suspension behaved as an underflow, and 469 

no hydraulic jump was observed at that location. Therefore, in this case a hydraulic jump cannot be a 470 

mechanism that feeds sediment into the ponded suspension, in contrast to the conclusions of 471 

Toniolo et al. (2006a, 2006b). The presence of a net upward-directed vertical velocity in the flat part 472 

of the basin and basin-scale circulation is suggested as an alternative mechanism. This has 473 

implications in terms of where the vertical mixing occurs: in the proposed model the maximum 474 

vertical mixing happens in the flat part of the basin not far from the confining slope rather than 475 

above the inlet slope.  476 

Internal solitary waves are present in all of the generated ponded suspensions. Even though velocity 477 

fluctuations are likely to be characteristic of any turbidity current (e.g., Best et al., 2001) and could 478 

generate internal waves in unconfined flows, the presence of a sharp density interface within the 479 

ponded suspension appears to amplify the internal waves. Internal waves seem particularly 480 

important where they impinge and dissipate against the confining slope, because in this region the 481 

associated relative velocity fluctuations are highest. 482 

For the first time turbulence in a sustained ponded turbidity current has been measured. The results 483 

show that significant turbulence is present in the ponded cloud, in particular at the base of the 484 

suspension; hence these results are in contrast to the theoretical conclusion from the model of 485 
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Toniolo et al. (2006a) that assumes turbulence in the ponded cloud to be very weak and unable to 486 

entrain sediment from the bed. 487 

Gradients in concentration and grain size in the ponded cloud and grain-size deposit gradients are 488 

not directly accounted for in the work of Lamb et al. (2004) and Toniolo et al. (2006a, 2006b), in that 489 

they assume a mono-grain-size system for their interpretation. It should be noted that in their 490 

experiment they used a narrow but measurable grain-size range, and their data show � for example 491 

� deposit fining toward the confinement in case of strongly ponded currents (see average diameter 492 

decreasing from ~ 50 to ~ 40 ʅm for EXP1 in their Fig 12; Toniolo et al., 2006b); similar results were 493 

seen in the experiments presented here (e.g., see run L6; Fig. 12, this paper). 494 

APPLICATION TO NATURAL EXAMPLES 495 

The ponding experiments described (summarized in Figure 14) provide a useful framework for 496 

interpreting the deposits of suspension clouds in prototype confined settings.  Here we focus on 497 

sheet-like, basin-centered sand-mud sheets produced by the high levels of containment that the 498 

experiments were designed to replicate.  The experiments provide insight into the vertical sequence 499 

and types of sedimentary structures developed under these conditions, the origin of paleoflow 500 

variability, flow unsteadiness, and internal soft-sediment deformation that characterize many 501 

ponded turbidites (e.g., Pickering and Hiscott, 1985; Haughton, 1994; Remacha et al., 2005; Muzzi 502 

Magalhaes and Tinterri, 2010), as well as textural trends that might be anticipated, both vertically 503 

and laterally with respect to confining slopes (e.g., Kneller and McCaffrey, 1999; Amy et al., 2004; 504 

Davis et al., 2009; Patacci et al., 2014).  Because the experiments involved slot flows, the results are 505 

probably most applicable in narrow basins such as those developed along strike-slip faults or 506 

controlled by growing folds (e.g., Smith, 2004).  A better understanding of the pattern of internal 507 

circulation in enclosed basins that are more equant in plan form awaits new 3D basin experiments. 508 
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The 2D experiments demonstrate that beds emplaced by natural ponded flows may record up to 509 

four key stages: (1) runout before interaction with confining topography, followed by initial rebound  510 

and bore or soliton propagation; (2) inflation of a ponded suspension cloud (with or without 511 

overspill); (3) circulation of a quasi-steady ponded suspension; (4) deflation of cloud on waning of 512 

input and final settling of fines from a static cloud.  The ratio of flow length to length of the 513 

confinement will dictate the extent to which stages 2, 3, and 4 are important, with long sustained 514 

flows and small receiving basins more likely to form circulating ponded suspensions as opposed to 515 

situations of flow rebound and rapid suspension collapse. Therefore, where ponded suspensions are 516 

formed and continue to be nourished by the inbound flow, the input characteristics and basin 517 

geometry can determine the relative importance of the different stages of the process preserved in 518 

the deposit. Longer flow durations, higher input concentrations, and shorter confinements will favor 519 

deposits that were mostly formed by the circulating suspension cloud (stages 2 and 3); shorter 520 

inflation periods and longer-range confinement will mean more of the deposit accumulates during 521 

the suspension collapse phase (stage 4). 522 

The experiments reveal an important increase in concentration of the suspension cloud as it is 523 

progressively inflated by the inlet flow. The sandy components of some ponded turbidites are 524 

extensively laminated, and the concentration appears to have remained low throughout. However, 525 

others show an upward change from parallel-laminated and ripple-laminated basal sections to upper 526 

divisions of structureless or dewatered sandstone (e.g. Haughton, 2000).  Beds of the latter type are 527 

consistent with increasing sediment fallout rate as the flow became ponded and the bed aggradation 528 

rate rose. Interestingly, beds with this character seem to be developed in small basins and sub-529 

basins (generally kilometers rather than tens of kilometers across) such as Sorbas and Tabernas 530 

basins, SE Spain (Haughton, 1994) and the lower Castagnola system, Italy (Baruffini et al., 1994; 531 

Felletti, 2002).  It would have been easier to sustain suspension clouds in these deep and relatively 532 

small basins. In contrast, reflected and ponded flows in larger foredeep basins (e.g., Marnoso 533 

Arenacea; see Muzzi Magalhaes and Tinterri, 2010; Hecho Group, Remacha et al., 2005) tend to be 534 
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well laminated but often have wavy or sinusoidal bedforms developed in addition to current ripples. 535 

The sinusoidal bedforms resemble washed-out ripples at the transition from ripples to plane bed, 536 

formed on account of high near-bed sediment concentrations (Baas and de Koning, 1995) so these 537 

may also be indicative of higher sediment concentrations but not at the level that laminations are 538 

completely suppressed. Alternatively, these bedforms may record combined-flow processes 539 

associated with the interaction of internal waves with the near-bed unidirectional component of the 540 

ponded flow (Kneller et al., 1991; Tinterri and Magalhaes, 2011; Tinterri; 2011; see below). 541 

The velocity structure of the ponded suspension clouds shows that they are dominated near the bed 542 

by an outbound underflow, but that this can be intermittently perturbed by periods of return flow.  543 

These return-flow episodes can relate to the initial rebound, to later instability in the wedge of fluid 544 

above the confining slope, or to depression of the internal concentration interface that allows the 545 

upper return layer to impinge on the bed.  Velocities of the return flow are generally lower than the 546 

re-established outbound flow, and this means that deposits of the return flow could be reworked (at 547 

least in part) by the re-established outbound flow.  In some cases where the initial flow is weak, 548 

even the initial rebound may not produce a reversal but instead a temporary deceleration of the 549 

outbound current. In all the cases examined, the periods of return flow at the bed are rather short-550 

lived (and become less important away from the confining slope), and this is then hard to reconcile 551 

with natural deposits in which paleoflow indicators imply that return flow dominates the deposit 552 

(e.g., Tinterri and Muzzi Magalhaes, 2011; their Fig. 13). Beds exhibiting such reversals are more 553 

likely to form where the inbound flow is short-lived and the scale of the confining basin exceeds the 554 

typical flow length. Under these conditions, the flow can undergo complete reflection, and the sandy 555 

part of the deposit is then dominated by stage 1 (initial runout and rebound as a bore or train of 556 

solitary waves) with mud fallout from a static or gently sloshing cloud that was not inflated or 557 

sustained. The experiments do not capture the full range of possible interactions of the outbound 558 

flow with the confining slope, and it is possible other combinations of counter slope gradient and 559 

flow incidence angle can generate longer-lived flow reversals.  560 
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The underflow velocities beneath sustained suspension clouds are very unsteady, and the 561 

identification of a concentration interface as well as a detrainment interface in the suspension cloud 562 

helps account for this. Ponded turbidites are often characterized at least in part by repetitive 563 

alternations of internal divisions (�energy pulses� of Remacha et al., 2005) involving switching 564 

between massive or dewatered and laminated, laminated and convoluted, and parallel-laminated 565 

and ripple-laminated divisions (Kneller and McCaffrey, 1999; Felletti, 2002; Muzzi Magalhaes and 566 

Tinterri, 2010; see Fig. 2). Although pulsing or surging can occur under waning conditions in 567 

unconfined flows (e.g., Jobe et al., 2012) and is seen in the unconfined experiments (e.g., L3, Fig. 6D) 568 

in the present study, it is enhanced where the flow is ponded. Previous interpretations have stressed 569 

the role of reflected bores and waves running along the top of the suspension due to deflection and 570 

reflection of the currents (Kneller et al., 1991; Kneller et al., 1997; Haughton, 1994; Tinterri and 571 

Muzzi Magalhaes, 2011). However, at least in the experimental configurations studied here, strong 572 

internal waves propagate downstream from the inlet along the internal concentration interface and 573 

interact with the outbound flow layer beneath, forcing fluctuations in velocity, suspension fallout 574 

rate, and the propensity for liquefaction effects to occur and be expressed in the deposit (see 575 

Remacha et al., 2005; Muzzi Magalhaes and Tinterri, 2010). The implication is that not all internal 576 

waves propagate from the site of deflection or reflection. Tinterri (2011) attributes the presence of 577 

biconvex and rounded ripples with sinusoidal cross-lamination in ponded turbidites to pulsing 578 

combined flows in which there is an oscillatory component due to the presence of internal waves. 579 

Once a ponded suspension becomes stratified, and if flow continues to plunge into and interact with 580 

the suspension from the inlet, it is likely that internal waves will run along the internal concentration 581 

interface. If the suspension inflates to overtop a downstream lip, the waves will generate an 582 

unsteady pulsed low-concentration overspill from the confined basin. A possible depositional 583 

expression of this process may the stacked ripple-laminated facies close to the downstream edge of 584 

the Titan mini-basin described by Jobe et al. (2012). A third mechanism leading to generation of 585 

internal waves relates to flow shutoff. In the experiments, rapid decay of the input sets up a series of 586 
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decaying internal waves again triggered from the input point rather than the site of reflection.  587 

Ponded turbidites commonly have thin �sawtooth graded� layers of silt and sand beneath the mud 588 

cap or extensive pseudonodular silt units (Pickering and Hiscott, 1985; McCaffrey and Kneller, 2001; 589 

Remacha et al., 2005; Muzzi Magalhaes and Tinterri, 2010), and these may similarly be generated by 590 

unsteadiness in the flow caused by the shutdown of the input rather than by distal reflections.  Once 591 

inbound flow decays, mud settles from suspension.  There is often a sharp change from graded silty 592 

component of the bed (deposited from a disturbed suspension cloud undergoing resuspension of 593 

clay) to uniform mud, settling from a static suspension (Pickering and Hiscott, 1985). 594 

Flow unsteadiness at longer time scales is expressed by a gradual decay of the underflow velocity 595 

and turbulence intensity as the suspension cloud inflates and the concentration rises.  This is despite 596 

a constant input rate and concentration at the inlet.  This is important because it means that for 597 

currents with a long inflation time, the bed will be weakly graded even though the input was 598 

sustained. The sandy parts of most ponded turbidites show normal grading, so this in itself is not an 599 

indication of surge as opposed sustained input.  The experimental flows also show non-uniformity in 600 

the underflow, with lower outbound velocities and turbulent intensity on the lower counter slope 601 

relative to the basin floor for nominally similar flows, and with stronger streamwise non-uniformity 602 

than otherwise similar, but unconfined, currents. The lower outbound velocities on the slope are 603 

also prone to long-period stagnation (Fig. 6F) possibly due to underlying seiching set up by the initial 604 

rebound. This might explain why in a ponded basin the thinner beds on the edges of the ponded 605 

zone show internal structureless sand divisions (e.g., Haughton, 2000; Felletti, 2002). These may 606 

reflect a more rapid deceleration of the underflow during periods of stagnation within the onlap 607 

wedge combined with the overall rise in concentration as the suspension inflates. 608 

The grain-size stratification in the suspension may impact the development of lateral trends in 609 

deposit character towards bed pinchouts against topography. Grain-size trends vertically in the 610 

suspension are uniform beneath the internal concentration interface but fine upwards above it.  611 
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Passive onlap of such a cloud will produce a lower-slope deposit with low rates of grain-size decline 612 

with a more rapid fall in grain size above the zone where the concentration interface impinges on 613 

the slope.  Because the higher flow zone may be disturbed by internal waves, the deposit here may 614 

be strongly vacillitory (e.g., exhibiting the repetitions of Kneller and McCaffrey, 1999).  Where the 615 

suspension partly overspills, grain-size gradients in the ponded deposit may be relatively muted (cf. 616 

experiment L6 vs. L8, Fig. 12). 617 

CONCLUSIONS 618 

The described experiments confirmed the occurrence of a number of phenomena described by 619 

previous authors: 620 

a) Run up, reflection, and bore generation (Pantin and Leeder, 1987; Edwards et al., 1994); 621 

b) Ponded suspension characterized by a subhorizontal dirty water-clean water upper interface 622 

(�ponded upper interface�) along which water detrainment takes place and with virtually no 623 

turbulent mixing (Lamb et al., 2004; Toniolo et al., 2006a and 2006b). 624 

Newly identified aspects of the flow behavior of a sustained ponded turbidity currents and related 625 

deposit include: 626 

1) The first reflection and the resulting bore can generate a significant basal velocity reversal, which 627 

travels into the basin; 628 

2) Development of a two-layer circulation pattern (�internal velocity interface�) and average upward 629 

velocity component in the flat basin; 630 

3) Significant turbulence characterizing the suspension cloud right up to the confining slope, albeit 631 

with a streamwise trend of decreasing mean turbulence; 632 

4) Development of a two-layer velocity, concentration, and grain size structure, separated by an 633 

internal interface; 634 



27 

 

5) Internal waves related to flow pulsing and enhanced by confinement characterizing the 635 

suspension velocity structure; 636 

6) In partially ponded conditions, internal waves result in flow surges downstream, which may be 637 

expressed in downstream deposits; 638 

7) The inlet flow entering the ponded suspension behaves as an undercurrent: no hydraulic jump is 639 

present at this location; 640 

8) Unsteady phase of suspension inflation controlled by input condition and characterized by: 641 

concentration build-up, velocity decrease, turbulence intensity decrease, average suspension grain 642 

size decrease; 643 

9) Deposit fines upslope above the height of the break in grain-size gradient within the suspension 644 

cloud; 645 

10) Deposit aggraded during the unsteady phase fines upward as a result of grain-size decrease 646 

within the ponded cloud through time. 647 

The described ponding flow behavior has implications for the structure of confined and ponded 648 

turbidite deposits, and it can help explain: a) single and multiple paleocurrent reversals within one 649 

single bed; b) weak normal grading throughout the entire bed thickness arising under steady input; 650 

c) repetitions of sedimentary structures (cyclicity), close to the confining slope; d) sharp breaks in 651 

grain-size gradient in the upper part of the bed; e) presence of unusually thick mud caps; f) thinning 652 

and fining upslope vs. abrupt pinch-out geometry. 653 
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 804 

TABLE AND FIGURE CAPTIONS 805 

Table 1. Main set-up characteristics and input conditions of the described experimental runs. 806 

Figure 1. Different types of interaction between turbidity currents and topography depend on the 807 

geometry of the slope and the angle of incidence of the current. If the scale of the topography is 808 

similar or greater than the flow, A) deflection (flow reorientation), B) reflection (flow direction 809 

reversed), or C) constriction (current has to pass through a narrow slot) can occur. When the flow 810 
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(either surge-like or sustained) is partially or fully contained by topography, flow ponding (D) takes 811 

place. 812 

Figure 2. Examples of confined and ponded turbidites. A) Sandstone bed showing opposing 813 

palaeocurrent directions (arrows) from the Cloridorme Fm., Canada (from Pickering and Hiscott, 814 

1985. B) Turbidite bed showing vertical repetition of couplets of cross-laminated sandstone (xl) and 815 

massive sandstone (m) (from Felletti, 2002). C) Log of typical contained bed from the Sorbas Basin 816 

(from Haughton, 1994). D) Sandstone bed with multiple palaeocurrent directions and a thick 817 

mudstone cap (from Muzzi Magalhaes and Tinterri, 2010).  E) Bed with unusual vertical sequence of 818 

sedimentary structures (Bouma divisions Tb-Tc-Ta) from the Tabernas Basin (from Haughton, 2000). 819 

Figure 3. A, B) Geometry of experimental tanks. Measuring localities indicate location of velocity and 820 

concentration profiles. Profiles were measured orthogonal to the floor, irrespective of whether this 821 

was flat or sloping. The water level was kept constant during runs using an outlet pump located at 822 

the lower part of the downstream end of the main flume.  C) Grain-size distribution for Vaquashene 823 

batch used for experiment L1 (pilot experiment). D50 is 39 ʅm. Measured with Malvern Mastersizer 824 

2000 (average of 30 samples). D) UVP geometry was designed to allow non-intrusive measure of 3D 825 

velocity. Measuring axes are shown as dotted lines. 826 

Figure 4. A, B, C) Combined data and interpretations from runs L4 and L5 showing the evolution of 827 

the first velocity reversal and bore migration. D) Data and interpretation from run L6, pointing out 828 

the internal structure of a ponded turbidity current. Video frames are plotted onto the tank drawing. 829 

Flow geometry is highlighted (dirty water is highlighted in light gray). Small arrows indicate 830 

measured 3D velocity plotted on the view plane (parallel to side walls of the experimental tank). 831 

Length of the vectors indicates intensity of the field. Large arrows show interpreted flow structure. 832 

Figure 5. Time-height plots of 3D velocity. Arrows represent 3D velocity plotted on a plane parallel to 833 

side walls. Colors show streamwise velocity (hot colors: outbound flow; cold colors: return flow).  A, 834 
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B) First velocity reversal (see text for explanation) on the slope (65 to 85 seconds after begin of 835 

pumping) and in the flat part of the basin (90 to 100 seconds). C, D) Basal outbound layer of a 836 

ponded turbidity current in the basin floor and on the slope respectively. E) Basal outbound layer 837 

and the upper return layer within a ponded turbidity current at the slope location. Internal velocity 838 

interface is highlighted. Note that the measuring range is able to cover most of the thickness of the 839 

flow in comparison to Parts C and D. 840 

Figure 6. Time series for experiments L3, L4, and L5 measured 12.5 cm above the floor. Velocity 841 

values are plotted at 1 Hz. Moving average (30 s window) is shown (thick line with open circles) for 842 

vertical velocity (independent axis on the right) and streamwise velocity. 3D RMS velocity plots 843 

include 2.4 cm space window 3D RMS (thick line) and 5 s time window 3D RMS (thin line). 3D RMS 844 

velocities are calculated averaging the three spatial components (for time window) or adding 2/3 of 845 

the horizontal component to 1/3 of the vertical component (for space window). 846 

Figure 7. Characteristic vertical profiles for Ga (left) and L6 (right). Streamwise velocity and 847 

concentration are shown. Points represent measured values. Gray color shows the thickness of the 848 

sediment bearing cloud. A curve of relative grain size (absolute values not indicated) is added to the 849 

Ga plot to highlight the similar geometrical distribution of the gradients of concentration and grain 850 

size. 851 

Figure 8. A, B) Frames from video recordings (run L4) are shown after conversion to b/w as part of 852 

the image-analysis processing to extract internal-waves time series. In each frame, the gray box 853 

indicates the observation window, and the upper boundary of the black subhorizontal band can be 854 

used as a proxy for the position of the upper surface of the ponded interface. The two frames (10 855 

seconds apart) show A) the trough and B) the crest of the same wave displacing the ponded 856 

interface above the confining slope. C) Time series of the amplitude of internal waves measured 857 

using image analysis of video recordings. D) Velocity structure of internal waves (UVP data). Black 858 

arrows represent 3D velocity vectors plotted on a plane parallel to the side walls. Thick gray arrows 859 
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highlight orbital motion and position of the internal waves. E) Average amplitude of internal waves 860 

(normalized to flow thickness) is plotted against average dominant frequency. Experimental runs 861 

cluster according to the type of internal concentration interface in the ponded suspension. 862 

Figure 9. Basal flow reversals. Time-height color plots of streamwise velocity are used to illustrate 863 

the three types of flow reversals that characterize the basal layer of the ponded suspension. Note 864 

that the first flow reversal (type A) can comprise a single reversal event (as shown here) or a small 865 

number of them (e.g., see Fig. 5A). 866 

Figure 10. Evolution of the average concentration of the ponded cloud calculated for a layer 867 

between 2.5 and 22.5 cm above the confining slope. Four runs are shown: full diamond (L5, 2l/s and 868 

10 deg slope), full triangle (L6, 1 l/s and 10 deg slope), empty diamond (L8, 2 l/s and 10 deg slope) 869 

and empty triangle (L9, 1 l/s and 15 deg slope). Continuous lines are exponential best-fitting 870 

equations (R
2
 > 0.995). Concentration increases during the 600 seconds of pumping time, but the 871 

increase becomes smaller through time: this is characteristic of the unsteady ponded phase and 872 

records the progressive approaching to the steady phase. 873 

Figure 11. Evolution of the sediment grain size in the ponded suspension (run L5). Data are sampled 874 

between 2.5 and 22.5 cm above the slope, all falling within the basal ungraded layer. Each value is 875 

measured from a fluid sample which represents an average over 8 seconds. The data scatter (~ 1 876 

ʅm) is mostly due to temporal and spatial nonuniform grain-size distribution, as methodology error 877 

is smaller. Black line represents the average value for the entire layer. 878 

Figure 12. Average deposit grain size in the basin (left) toward the lip of the confining slope (right). 879 

Each point represents the average of three repeated measurements on one deposit sample (laser 880 

grain sizer). Dashed lines are interpretations. 881 

Figure 13. Vertical grain-size trends in the deposit from run Gb were measured using SEM images of 882 

fixed deposit (left). Bin size (for average): 1 mm; bin overlap: 75%. Note that two lines are plotted for 883 
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samples B and C (adjacent measures). Deposit on the slope is finer than that on the basin floor. 884 

Sample B shows weak upward fining until the gray arrow (sediment deposited during the unsteady 885 

phase from the lower part of the ponded cloud), then a very sharp upward fining (sediment 886 

deposited, after pump is switched off, from the upper part of the cloud).  Sample C has a similar 887 

pattern, but the upward fining of the basal part of the deposit is stronger. Note that the value shown 888 

is the apparent grain diameter (neither the actual real grain diameter nor the D50) and absolute 889 

comparison with laser particle sizer data could not be achieved. 890 

Figure 14. Summary of the key flow features of a ponded suspension cloud resulting from the partial 891 

or the full trapping of a fully turbulent, low density and sustained turbidity current. 892 



name confinement 
basin size 

(w x l) 

inlet 

slope 

discharge 

type 

inlet 

system 

discharge 

duration 

discharge 

start-end 

concentration 

start-end 

    cm      s l/s %vol 

Ga 2 slopes & wall 35 x 300 no double pipe pump 600 2.3-2.1 (3%) 

Gb 2 slopes & wall 35 x 300 no double pipe pump 600 1.5-1.3 (3%) 

Gc 2 slopes & wall 35 x 300 no double pipe pump 600 2.0-1.7 (3%) 

L3 unconfined 35 x unc. 10º pipe  head tank 600 1.9 3.0-2.8 

L4 10º slope 35 x 512 10º pipe  head tank 600 1.9 3.0-2.8 

L5 10º slope 35 x 512 10º pipe  head tank 600 1.9 3.0-2.8 

L6 10º slope 35 x 512 10º pipe  head tank 600 1.0 2.7-2.5 

L7 10º slope 35 x 512 10º pipe  head tank 600 0.3 2.6-2.5 

L8 15º slope 35 x 520 10º pipe  head tank 600 1.9 2.8-2.5 

L9 15º slope 35 x 520 10º pipe  head tank 600 1.0 2.5-2.3 
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