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Formation of lenticular sedimentary structures 1 

 2 

Abstract (up to 300 words) 3 

A numerical model that computes the vertical distribution of different 4 

sediment sizes in riverbeds has been used to predict the formation of 5 

lenticular sedimentary structures. The numerical model solved the Navier-6 

Stokes equations to find the water velocities and the turbulence. 7 

Convection-diffusion equations were used to predict the sediment 8 

concentrations. Algorithms for changes in the elevations of water surface 9 

and bed due to erosion and deposition were also included. The bed was 10 

divided into 1000 adaptive layers with their own unique grain size 11 

distributions, thereby spatially resolving the bedding in detail. The model 12 

predicted the formation of stationary and downstream moving antidunes 13 

that occasionally would move upstream. The complex flow field, 14 

turbulence, free surface movement and sediment transport would then 15 

result in a bedding that included lenticular shapes. The numerical model 16 

explained the formation of this bedding with high spatial and temporal 17 

variation in velocity, turbulence, pressure, bed sediment size fraction 18 

together with water surface and bed movements.   19 

 20 
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1. INTRODUCTION 27 

 28 

Sediment particles transported by rivers can form deposits that shape the 29 

landforms. Particles of varying sizes are deposited in a succession of high 30 

and low water discharges with different transport capacities. The result is 31 

the formation of layered sedimentary structures that can be seen in 32 

vertical cuts of the landscape (Collinson & Mountney, 2019). Several 33 

different sedimentary patterns exist, studied in detail in the science of 34 

sedimentology (Campbell, 1967). 35 

 36 

An example is given in Fig. 1a, showing the Wingerbertswand near Mayen 37 

in Germany. This is a man-made excavated vertical wall in a quarry 38 

where the sediments were used for construction purposes. The figure 39 

shows near-horizontal lines of different greyscale and sediment size. How 40 

are such sedimentary structures formed and which physical processes are 41 

involved? The prevailing theory is that the sediments in the 42 

Wingerbertswand have been deposited by water in the upper flow regime, 43 

where the flow is critical or supercritical (Schmincke et al., 1973). This 44 

means that the Froude number (Eq. 1) is close to or above unity and 45 

antidunes/chute-and-pool systems can form.  46 

 47 

        𝐹𝑟 =
𝑈

√𝑔𝑦
         (1) 48 

 49 

U is the depth-averaged velocity, y is the water depth and g is the 50 

acceleration of gravity (9.8 m/s2).  51 

 52 

Looking closely at Fig. 1, the near-horizontal lines are not all completely 53 

straight. Several lens-like structures can be seen, two of which are 54 

indicated by yellow lines in the figure. Many sedimentologists have 55 

interpreted such structures to be formed by antidunes, chute-and-pools 56 

and cyclic steps bedforms, as the water surface waves move upstream 57 

(Cartigny et al., 2014). This interpretation, however, is not 58 

uncontroversial. Frechen (1971) believed the Wingerbertswand structures 59 

were formed by the wind. The current study shows in detail how wavy 60 

sedimentary structures and lenses can be formed by water in near critical 61 

flow, producing shapes similar to observations from the Wingerbertswand.  62 

 63 
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  64 
Figure 1. Photograph of the Wingerbertswand, showing lenticular 65 

structures (marked as yellow ovals).  66 

 67 
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Several research groups have studied geological formations deposited by 68 

water at high Froude numbers (Alexander & Fielding, 1997; Fielding, 69 

2006, Xavier et al., 2022). Recent work includes Hovikoski et al. (2023), 70 

who described a number of different sedimentary structures formed by 71 

meltwater in subglacial channels under non-full pipe conditions, or by 72 

density currents. The sediments showed typical upper-flow-regime 73 

bedforms such as sinusoidal stratification, sigmoidal cross-stratification, 74 

scours with backsets or chaotic fill, interpreted as deposits of antidunes, 75 

humpback dunes, chutes-and-pools and cyclic steps. Lenticular beds of 76 

sandy gravel were locally present. The lenses were commonly 30–50 cm 77 

wide and ~10 cm thick. It is coincidental that this is the same size as 78 

observed in the result from the current study. 79 

 80 

Bucher et al. (2024) observed lenticular structures from volcanic-81 

sedimentary deposits. The particles were fragments from volcanic 82 

eruptions, which also melted ice, resulting in fluvial sediment transport. 83 

Lenticular bodies internally composed of steeply dipping backsets and 84 

concentric trough fills were interpreted as deposited by supercritical flows.  85 

 86 

Scientific investigations of the formation process for sedimentary 87 

structures under near-critical flow conditions often use laboratory studies 88 

or numerical models. Examples of physical modelling of sediment deposits 89 

include Alexander et al. (2001); Leclair (2002); Baas et al. (2016); and 90 

Yokokawa et al. (2010). The studies confirm the formation of wavy 91 

sedimentary structures with lenses deposited in channels with near-92 

critical flow. However, the physical models can only partly explain the 93 

process. Detailed measurements of grain size distribution, turbulence and 94 

water velocity patterns are difficult to obtain in the laboratory models with 95 

a moving bed and water surface (Alexander et al, 2001). An alternative to 96 

the laboratory experiment is to compute the formation of the sedimentary 97 

structures with a numerical model. This is done in the current study.     98 

 99 

Recent use of numerical models in fluvial geomorphology includes Han et 100 

al. (2023), who computed geometric changes in the braided section of the 101 

Yarlung Tsangpo River in China. The main focus of the study was on 102 

lateral migration of the channels, which was modelled with a 2D depth-103 

averaged program. Upper flow regime systems with riffle-pool formations 104 

have also been studied by Booker (2001). None of these models 105 

computed bedforms in detail or the sedimentary structures formed by the 106 

channels. 107 

 108 

Movement of dunes in rivers and channels with sub-critical flow (Froude 109 

numbers well below unity) have been computed numerically by several 110 

researchers: Kopmann (2020); Giri & Shimitzu (2006); Ruehter et al. 111 

(2008); Nabi et al. (2013); Naqshband et al. (2015); Warmink et al. 112 

(2014). These studies focused on the determination of the height, length 113 

and migration speed of the bedforms. Other studies have used similar 114 
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technologies to compute sedimentary structures in alluvial channels with 115 

critical and supercritical flow. Olsen (2017a) computed the formation of  116 

downstream-moving antidunes. The resulting antidune height, length and 117 

celerity compared well with a physical model study. Vellinga et al. (2018) 118 

computed cyclic steps in a steep channel using the Flow-3D software. This 119 

commercial CFD program computed the complex water surface location 120 

using a volume-of-fluid method. One sediment size was used in the 121 

movable bed. The bed levels were recorded at different times, and by 122 

assembling these data, a combined image gave a visual view of the 123 

sedimentary structures. Slootman et al. (2021) used the same technique 124 

to compute cyclic steps in a channel where the slope changed from steep 125 

to mild. The sedimentary structure formed in the process was 126 

documented with the same method as Vellinga et al. (2018). Recently, 127 

Schwarzmeier et al. (2023) reproduced small-scale experiments with 128 

upstream-moving antidunes using particle-resolved simulations with 129 

homogeneous spherical particles. The same antidune results were found 130 

by Escauriaza & Williams (2024) using a simpler numerical model coupling 131 

the shallow-water and Exner equations in two dimensions. 132 

 133 

The reason why sedimentary structures are seen in Fig. 1 is the formation 134 

of layers with different grain size distributions. The layers with coarse 135 

material are darker than the ones with finer particles. Detailed modelling 136 

of the process forming these structures should therefore preferably use 137 

multiple sediment sizes. This was done by Olsen (2022), computing 138 

sedimentary structures formed by downstream-migrating antidunes. The 139 

bed layer was resolved using up to 1000 vertical cells and five sediment 140 

sizes for each layer. The sedimentary structures given by different grain 141 

size distributions were therefore computed directly by the numerical 142 

model. The same technology is used in the current study. 143 

 144 

Wavy sedimentary structures and cross-lamination have often been 145 

attributed to the existence of dunes in a fluvial setting (Leclair, 2002). As 146 

dunes move downstream at varying velocities, sand slides in front of the 147 

dune will form a bedding that dips in the downstream direction. The next 148 

question is then what causes an upstream-dipping bedding? A common 149 

assumption is that they are formed by antidunes, as these bedforms can 150 

move in the upstream direction. Olsen (2022) showed with a numerical 151 

model that upstream dipping bedding can be formed by downstream-152 

migrating antidunes, where small bed waves form layers over the 153 

antidunes as they move downstream.  154 

 155 

The current study uses the same numerical methods as Olsen (2022). A 156 

new upstream boundary condition has been introduced, producing a lower 157 

wave number for the antidunes. This has led to formation of lenticular 158 

sedimentary structures. Details of the formation process are given in the 159 

following, including complex velocity fields, turbulence, bed shear stress, 160 
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non-hydrostatic pressure, changes in the water surface elevation together 161 

with sediment sorting, deposition and erosion.     162 

 163 

The main novelty of the current paper is that it uses an advanced 164 

numerical model to explain the hydrodynamics and mechanics behind the 165 

formation of lenticular sedimentary structures related to antidunes. Very 166 

few numerical simulations have captured the dynamics of antidunes, but 167 

even less have been performed considering different grain size classes 168 

predicting the formation of sedimentological structures.  169 

    170 

 171 

2. METHODS 172 

 173 

Numerical model 174 

 175 

The numerical model was based on solving differential equations in two 176 

dimensions using a finite volume approach. The sediment transport was 177 

computed from a convection-diffusion equation for each of five different 178 

particle sizes: 0.5, 1, 1.5, 2 and 2.5 mm. The sediment pick-up rate was 179 

computed from the Engelund-Hansen (1967) formula. This procedure 180 

computed in principle the total load, but since the fall velocity of the 181 

particles was fairly large, the sediment would only have a significant 182 

concentration in the bed cell. The sediment transport mode was therefore 183 

bed load, similar to what was observed in the laboratory experiment of 184 

Núñez-González (2012) with downstream migrating antidunes.  185 

 186 

The Navier-Stokes equations were solved to compute the water flow field, 187 

using the k-epsilon model (Launder & Spalding, 1974) to compute the 188 

turbulence and the bed shear stress. A structured non-orthogonal 2D 189 

width-averaged grid was used with 700x25 cells in the horizontal and 190 

vertical direction, respectively. An algorithm based on the water 191 

continuity in the top cells was used to compute the changes in the water 192 

surface elevation (Olsen, 2015). The changes in the bed level and water 193 

surface elevation were used to modify the computational adaptive grid 194 

over time. Further details are given by Olsen (2022). Note that the model 195 

has previously been verified against laboratory measurements computing 196 

antidune height, length and celerity of antidunes in a flume, together with 197 

the average water depth (Olsen, 2017a). The model has also been 198 

verified against measurements on other cases in the field of 199 

geomorphology, for example modelling a braided river (Olsen, 2021).  200 

 201 

The sedimentary structures were computed using a high-resolution 2D 202 

grid of the bed sediments. The horizontal resolution was the same as the 203 

grid used to compute the water velocities. The 1000 bed cells were 204 

initially evenly distributed vertically on a 10 cm thick sediment layer. Each 205 

layer had an equal 20 % fraction, f, of the five sediment sizes. The 206 

composition and size of the bed layers changed as erosion and deposition 207 
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occurred over time. Erosion could cause the top bed cell to be reduced in 208 

size or cause it to disappear completely if a sufficient amount of erosion 209 

was predicted. Removal of one or more top layers over time meant that 210 

the total number of vertical bed layers could be reduced to under 1000.  211 

 212 

Sediment deposition led to the formation of a new bed layer composed of 213 

the deposited material. Thus, the total number of layers could potentially 214 

exceed 1000, which was not allowed in the numerical model. Therefore, 215 

two of the original layers had to be merged. The two layers chosen were 216 

those with the smallest grain size difference, Gk, defined by the following 217 

formula:  218 

 219 

          𝐺𝑘 = ∑ (𝑓𝑘,𝑗 − 𝑓𝑘−1,𝑗)5
𝑗=1         (2) 220 

 221 

The index j denotes the number of the grain size, where 5 sizes were 222 

used in the current study. The new layer would have the same vertical 223 

magnitude as the two previous layers combined. The grain size 224 

distribution in the new layer would be a mixture of the two original layers. 225 

 226 

Sedimentary structures would form from lines of equal grain size 227 

distribution, similar to what has been observed in nature (Fig. 1). Fig. 2 228 

shows a detail of the resulting structure.  229 

 230 

 231 
 232 

Figure 2. Detail of the bed grid. The colors show the water velocity above 233 

the bed. The different bed layers are shown with a greyscale, indicating 234 

the d50 of the particles. The horizontal size of the cells is 1 cm. 235 

 236 

The numerical model was tested on a geometry similar to the laboratory 237 

study of Núñez-González & Martín-Vide (2010). The average water depth 238 

was 0.109 m and the water velocity was 0.97 m/s. This gave a Froude 239 
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number of 0.94, just below the critical value of 1. The flume was 0.75 240 

meters wide and 28 meters long, but only the most upstream 7 meters 241 

were modelled numerically. This meant that boundary conditions were 242 

important. The same boundary conditions were used in the current study 243 

as Olsen (2022), except at the upstream boundary. In the current study 244 

the upstream values of turbulent kinetic energy k and turbulent 245 

dissipation rate epsilon were set to 0.2 m2/s and 0.1 m2/s2, respectively. 246 

This was higher than in the previous study using 0.0025 m2/s and 247 

0.00039 m2/s2 for the same parameters. The actual turbulence values in 248 

the flume study were not known, so both sets of the values were 249 

guessed. A higher k value meant that the bed shear stress at the 250 

upstream boundary was larger than in the previous study, giving higher 251 

sediment transport capacity. The inspiration for changing the inflow 252 

turbulence was a replication of the upstream boundary condition of the 253 

laboratory model. The water inlet in the laboratory flume included a layer 254 

of porous bricks. The water was partly flowing through the bricks and 255 

partly over the bricks, giving an increase in turbulence. An upstream 256 

wave formed downstream of the bricks, giving a water surface slope that 257 

was positive in the downstream direction. A sketch is given in Fig. 3. The 258 

boundary condition in the current study tried to replicate the shape of this 259 

slope. The most upstream water level, z, was given a low value and a 260 

smoothing algorithm was used in the 30 following cross-sections 261 

according to the following formula: 262 

 263 
        𝑧𝑖,𝑛𝑒𝑤 = 0.25 𝑧𝑖−1 +  0.5 𝑧𝑖 +  0.25 𝑧𝑖+1     (3) 264 

 265 

 266 

The grid line numbering is indexed with I in the main flow direction. The 267 

upstream water surface was thereby lower than in the previous study 268 

(Olsen, 2022). The effect is discussed further in Chapter 4.  269 

  270 

 271 

 272 
 273 

Figure 3. Sketch with longitudinal profile of the upstream end of the 274 

flume. The arrows show the velocity direction. 275 

 276 

The production of sedimentary structures required hydraulic conditions 277 

where deposition of particles occurred. This was done by giving an inflow 278 

sediment concentration that was higher than the transport capacity of the 279 
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flume. Giving a too high concentration would cause a large increase in the 280 

slope of the bed. While a too low concentration would not produce a 281 

sediment deposition. A trial-and-error method was used to find the inflow 282 

concentration of 0.07 % by volume for each particle size.  283 

 284 

Description of bed configurations 285 

 286 

The bedforms developed in the simulations were identified individually 287 

using an algorithm that defined a disturbance in the bed profile with a 288 

maximum between two minima. The crests of the bedforms were defined 289 

where the bed level in one cell was larger than the eight upstream and 290 

downstream cells. The bedform height was calculated as the difference 291 

between the average elevation of the minima and the elevation of the 292 

maximum, while the length was determined by the horizontal distance 293 

between the two maxima. This method was used to calculate the average 294 

heights and wavelengths of all length scales of bedforms along the profile 295 

at each time step. 296 

 297 

To determine the characteristic heights and wavelengths of dominant 298 

mesoscale bedforms at a given time-step and profile reach, two methods 299 

were used. First, dominant wavelengths were obtained through spectral 300 

analysis using a fast Fourier transform. Then the characteristic heights 301 

were calculated as a function of the standard deviation () of the 302 

elevations in the longitudinal profile. This approach assumes that the 303 

profile of the dominant bedforms approximates a sinusoidal shape, as is 304 

commonly seen in antidunes. Following Willis & Kennedy (1978), the 305 

height of the bedforms was then calculated using the formula 306 

 307 

 ℎ𝑏 = 2 ∙ √2 ∙ 𝜎     (4) 308 

 309 

 310 

The direction of movement of the bedforms in the simulations was 311 

compared with the theories of Kennedy (1963) and Núñez-González & 312 

Martín-Vide (2011). According to Kennedy's theory, the maximum Froude 313 

number for antidunes to move against the current is given by:  314 

 315 

 𝐹 =
1

√𝑦∙𝑘
     (5) 316 

 317 

An alternative formula was given by Núñez-González & Martín-Vide 318 

(2011): 319 

 320 

 𝐹 =
1

𝑦∙𝑘
     (6) 321 

 322 

where y is the water depth and k is the wave number, defined as k=2/L, 323 

with L being the wavelength of the bedform. The two versions of the 324 
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Froude number are used later in the analysis of the migration direction of 325 

the antidunes. 326 

 327 

3. RESULTS 328 

Bed and water surface configurations 329 

The results of the entire computation (2714 time steps, 6785 s, 330 

approximately 113 min) are shown in Fig. 4, with longitudinal profiles of 331 

the flume at different times (Fig. 4a; an animation of the entire 332 

simulation, including these profiles, is provided as supplementary 333 

material) and space-time plots of the water surface and sediment bed 334 

(Fig. 4b-e). Fluctuations of bed and water elevations in the space-time 335 

plots are shown relative to the instantaneous streamwise average, which 336 

was determined by fitting linear least-square trend lines to the 337 

instantaneous profiles. From these lines, a time-averaged bed 338 

sedimentation rate of 0.04 mm/s was computed and bed slopes ranging 339 

from 0.013 to 0.026 were obtained. Average water depth was 0.079 m. 340 

The bed was initially flat, as shown at 25 seconds (Fig. 4a). Bedforms 341 

then began to emerge and develop over time. The initial bed features 342 

were small, but they quickly grew larger over time, both in height and in 343 

length. The water surface mirrored the bed configuration (Figs. 4a-c), 344 

showing that bed and water profiles were in phase, which is a defining 345 

characteristic of antidunes.  346 

Figures 4d and 4e provide a closer view of the timescales associated with 347 

the free water surface and bed configurations. On the free surface, small, 348 

roughly triangular disturbances appear on the crests of surface waves. 349 

These triangular disturbances correspond to upstream moving surface 350 

waves, as shown in the profiles of Fig. 4a at times 2175 and 2450 s, over 351 

the sixth bedform from upstream. A closer examination of Fig. 4b, which 352 

covers the entire simulated time domain, and a comparison with zoomed-353 

in views, such as Fig. 4c, reveal that these upstream moving surface 354 

waves form a series of disturbances that seem to migrate upstream. The 355 

imprint of one of these groups of disturbances is marked by a dashed 356 

arrow in both Fig. 4b and Fig. 4c, as the same series of disturbances also 357 

leaves a mark on the spatio-temporal graph of the bed. Regarding the 358 

time zooms of the bed profile (Fig. 4e), they show that small-scale 359 

bedforms develop on top of the primary mesoscale bedforms, mainly from 360 

the middle of the channel to its downstream end. These secondary 361 

bedforms seem to dominate in the last two meters of the bed profile. 362 

A close observation of the profiles in Fig. 4 shows that the amplitude of 363 

the dominant bedforms increased with downstream distance, reaching 364 

stable conditions approximately between x=3 m and x=4 m. Thus, the 365 

channel can be divided at x=3.5 m into two reaches with bedforms of 366 

similar characteristics. The coexistence of bedforms with different scales 367 

and characteristics along the channel is evident in Fig. 5, where the 368 
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temporal variation of the mean instantaneous values of height and 369 

wavelength for the individual bedforms is shown. In the same figure, the 370 

wavelengths and amplitudes of the dominant bedforms in the two reaches 371 

separated by x=3.5 are plotted (the immediate reaches after the entrance 372 

and before the exit of the channel were not considered to avoid the 373 

influence of boundary conditions). It is clear that the dominant bedforms 374 

are subsets of the bulk of bed features, with those in the downstream 375 

section having higher amplitude but shorter wavelength than those in the 376 

upstream section. Additionally, Fig. 5 shows that heights and wavelengths 377 

stabilize after approximately 4000 s (66 min).  378 

 379 

An evident difference between the primary and smaller-scale secondary 380 

bedforms is that the latter always migrate downstream (in Fig. 4e, the 381 

spatio-temporal fringes of crests and troughs describe a positive slope), 382 

while the primary bedforms either remain stationary or migrate both 383 

downstream and upstream. They move downstream from the beginning of 384 

the simulation until 2000 seconds, and then, after 2000 s, some of them 385 

—mainly those at x<3.5 m —move upstream for short periods (the spatio-386 

temporal fringes of crests and troughs describe a negative slope, as seen 387 

in Fig. 4c). At around t=3000 s, the primary bedforms stabilize and 388 

remain nearly stationary (the spatio-temporal fringes of crests and 389 

troughs become approximately vertical). The lenticular structures we 390 

focus on in this work developed between x=2.5 and x=3.5 m, between 391 

t=2000 and 3000 s, as will be seen below. This period and zone 392 

correspond to where the primary bedforms are most erratic in their 393 

direction of motion and unstable in their geometry. It will be shown later 394 

that this instability is crucial for the formation of the lenses.  395 

 396 

Figure 6 shows the dominant bedforms at each time step as a function of 397 

the wave and Froude numbers, distinguishing between the profiles 398 

upstream and downstream of x=3.5 m. Bedforms for t>4000 s are also 399 

given in the figure, which is the time from which the geometry of the 400 

bedforms becomes approximately stable. Theoretical curves that delimit 401 

the direction of movement of the antidunes are also shown. The two 402 

theoretical boundaries for upstream-migrating antidunes indicate a 403 

boundary strip separating the bedforms upstream and downstream of the 404 

channel’s center. Most of the antidunes at x <3.5 m are close to the lower 405 

theoretical curve, while the bedforms at x>3.5 m mostly appear to be in 406 

the region of downstream-migrating antidunes. Thus, the migration of the 407 

bedforms in the simulations aligns well with theory: antidunes in the 408 

upper channel reach were mostly stationary but migrated upstream at 409 

certain points, which agrees with their proximity to the boundary for 410 

stationarity. Antidunes in the lower channel reach were stationary with a 411 

slight trend to move downstream. 412 



12 

 

 413 
Figure 4. Longitudinal profiles of the computational domain at different 414 

time steps (seconds) (a), and space-time plots of the water (b, d) and 415 

bed (c, e) surfaces. The water flow direction is from left to right. The 416 

number 4 is the fourth antidune from the upstream side. A video from 417 
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Fig. 4a is given in the supporting material. Plots (b) and (c) were smoothed 418 
with a moving average over 5 time intervals (12.5 s). 419 
 420 

 421 

 422 

  423 
 424 

Figure 5. Time evolution of bedform height (a) and wavelength (b), 425 

calculated using different methods and for different bed reaches. Spectral 426 

analysis and the bed standard deviation were used to obtain dominant 427 

bedforms, while individual bedforms were computed with an algorithm to 428 

distinguish maxima and minima heights (see chapter 2). 429 

 430 

Flow and sedimentary structures 431 

 432 

The colors in Fig. 4a show the water velocities, indicating higher values at 433 

the water surface due to the friction at the bed. It is also interesting to 434 

see that the surface velocity is higher in the troughs than over the crests. 435 

This is due to energy considerations. The potential water energy of the 436 
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water at the top of the crest is higher than the similar value in the trough. 437 

The potential energy over the crest is transformed to kinetic energy, 438 

giving higher velocity in the through. The difference in the velocity 439 

between the crest and the through is therefore a function of the antidune 440 

height. This can be seen in Fig. 4a, for example in the velocities at 400 441 

seconds. The antidunes are higher and have lower crest velocities in the 442 

downstream end than further upstream.   443 

 444 

 445 

Figure 6. Plot of the simulated dominant bedforms at each time-step on 446 

the theoretical stability diagram that delimits upstream- and downstream-447 

moving antidunes. 448 

 449 

A longitudinal profile of the turbulent kinetic energy, k, and its variation 450 

over time is given in Fig. 7. The figure shows the relatively high value of k 451 

at the inflow, which caused high shear stress at the bed and reduced 452 

deposition at the upstream end. The earlier described algorithms (Eq. 3) 453 

for lowering the upstream water level led to a positive water surface 454 

slope. This meant that the total bed slope was lower than in the previous 455 

computation by Olsen (2022).  456 

 457 
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Figs. 4a and 7 show the d50 of the bed grain size distribution in 458 

greyscales. The sedimentary structures can thereby be seen, similar to 459 

observations in the field given for example in Fig. 1. Most of the 460 

structures are formed by smaller low-relief waves moving on top of the 461 

antidune bed (secondary bedforms identified in Fig. 4e). Details on these 462 

processes are described by Bridge & Best (1997), Alexander et al. (2001), 463 

Lunt & Bridge (2007) and Olsen (2022).   464 

 465 

 466 
Figure 7. Longitudinal profile of the computational domain at different 467 

time steps (seconds), where the colors show the turbulent kinetic energy, 468 

k. The water flow direction is from left to right. 469 

 470 

Figs. 4a and 7 show the whole length of the flume, making it difficult to 471 

see the formation of the lens in detail due to the scale. More detailed 472 

views of the profiles close to the lens are therefore given in Figs. 8-11.  473 

 474 

Fig. 8 shows a longitudinal profile at the location where the two lenticular 475 

structures formed (2<x<3.5 m). For comparison, time series of 476 

wavelength and height of the dominant bedforms in the upper reach are 477 

plotted in Fig. 9. Fig. 8 shows that the antidunes were slowly moving 478 

downstream up to 2000 seconds. The initial antidunes at 25 seconds were 479 

small, but they grew larger over time, both in height and length, as seen 480 

in Fig. 9a. At 2000 seconds the antidunes appear fully developed, with 481 

wavelengths and heights remaining relatively constant for several 482 

minutes, as shown by the plots in Fig. 9a with short plateaus. Shortly 483 

thereafter, the antidunes rapidly increased in height and decreased in 484 

wavelength, but by 3000 seconds, the inverse occurred: they have 485 

decreased in vertical size and increased in length. The formation of the 486 

lenticular structures took place between 2000 and 3000 seconds. After 487 
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3000 seconds, when the bedforms stabilized, only wavy laminae of 488 

uniform thickness formed in the stratigraphy of that zone.  489 

 490 

More details about the formation of the lenticular structure are provided 491 

in Figs. 9b and 10, showing the evolution of the bed and dominant 492 

bedform characteristics between 2000 and 3000 seconds. Between 2075 493 

and 2150 seconds, Fig. 9b shows that the antidunes grew vertically and 494 

decreased in wavelength, but this trend was reversed several times 495 

thereafter, evidencing an oscillation in height and wavelength. Note that 496 

antidune height and wavelength show a negative correlation, so that as 497 

the bedforms grew, their wavelength decreased, and vice versa. The 498 

profile in Fig. 10 shows that between 2000 and 2220 seconds, there was 499 

an increase in the difference between the water flow velocity at the 500 

through and the crest. This corresponds with the preservation of total 501 

energy as the sum of velocity (kinetic) and potential (vertical level) 502 

energy. Also note that the antidunes moved downstream, according to 503 

the hydraulic conditions given for this case. 504 

 505 
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 506 
Figure 8. Longitudinal profile of the flume close to the lenticular structure 507 

at different times, where the colors show the water velocities. The flow 508 

direction is from left to right. A video of this figure is given in the 509 

supporting material. 510 

 511 

 512 

 513 
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 514 
Figure 9. Time evolution of height and wavelength of the dominant 515 

bedforms in the upper reach of the channel. Parameters obtained through 516 

spectral analysis and the bed standard deviation (Eq. 4). 517 
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 519 
Figure 10. Longitudinal profile of the flume close to the lenticular 520 

structure at its formation. The flow direction is from left to right. 521 
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 522 

The initiation of the lenticular structure starts with an upstream moving 523 

surface wave. This is seen in Fig. 10 at 2235 seconds. The wave in the 524 

middle of the figure has moved slightly upstream. The velocity at the 525 

crest given with blue color has decreased considerably. The surface wave 526 

moved much faster than the wave bed as the sediment transport velocity 527 

was slower than the water velocity. However, due to the low water 528 

velocity at the upstream side of the antidune bed, the sediment deposited 529 

there. The bed wave therefore moved slightly upstream. During this 530 

process, the trough upstream of the antidune was filled. This is shown in 531 

Fig. 10 from 2325 to 2600 seconds. 532 

 533 

The same wave at 2235 s in Fig. 10 can also be identified in Fig.4d. It is 534 

part of a series of successive upstream moving surface waves over time 535 

and space. Of these waves, the upstream moving wave shown in Fig. 10 536 

occurred at 2230 s at x=2.5 m, and a second wave in the same position 537 

occurred before at 2160 s. The time steps when these two upstream 538 

moving waves occur are indicated in Fig. 9b by vertical lines. It is 539 

observed that the two waves coincide with maximum and minimum 540 

heights and lengths of the bedforms, respectively. As an antidune grew, 541 

the amplitude of the wave above it also increased. When the surface wave 542 

reached a sufficiently large amplitude, it moved in the upstream direction, 543 

destabilizing the antidune. The sediment deposited in the upstream 544 

trough, due to the reduced flow velocity, might have caused a sediment 545 

deficit over the antidune, which in turn may have caused it to lose height 546 

and increase in length, as shown in Fig. 9b. 547 

 548 

Upstream moving antidunes are often a non-stable phenomenon that only 549 

occurs over a short time period (Kennedy, 1963; Collinson and Mountney, 550 

2019). Fig. 10 at 2325 seconds shows a stable situation where the water 551 

and bed level were in the same phase. The continuous feed of upstream 552 

sediments caused a layered sediment deposit in the through. Fig. 10 at 553 

time 2500 s shows a smaller bed wave moving on top of the antidune 554 

upstream of the crest. This wave deposits a layer of coarse and fine 555 

material. Two bed waves are seen at 2550 seconds after the bed has 556 

gradually increased in elevation. The bed waves have formed a layered 557 

structure, with lines roughly parallel to the bed surface. This process took 558 

place until 2600 seconds. During this time, the antidune was stationary 559 

and the growth was almost uniform over the length. However, the height 560 

of the antidune decreased, as can be seen comparing the times 2325 561 

through 2600 in Fig. 9b and 10. The sediments were deposited in greater 562 

magnitude in the throughs than at the crests. This formed the lower part 563 

of the lenticular structure. 564 

 565 

The upper part of the lenticular structure was formed between 2600 and 566 

2627 seconds after the start of the computation, as seen in Fig. 10. The 567 

wave over the structure then shifted upstream. A new stable antidune 568 
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formed afterwards, which moved upstream too, as seen in Fig. 10 569 

between 2627 and 3000 seconds. Therefore, the upstream movement of 570 

the antidune contributes to the preservation of the lenticular structure. By 571 

moving upstream, the antidune covers the lenses and prevents them from 572 

being eroded by the bedform trough. 573 

 574 

The structure in the lenticular body was formed by smaller waves on top 575 

of the main antidune bed. This can be seen on the upstream side of the 576 

left antidune at 2500 seconds in Fig. 10. Two of these wavelets are also 577 

seen on both sides of the crest at 2550 seconds. At 2600 seconds, there 578 

is a small secondary wave on top of the antidune. These waves have 579 

earlier been described in physical model studies (Alexander et al, 2001) 580 

and numerical models (Olsen, 2022). The secondary bed waves moved 581 

downstream, sometimes eroding the existing bed structure. The wave 582 

deposited two layers: one coarse and one fine. The lines in the lenticular 583 

structure of Fig. 10 are made up of such layers.  584 

 585 

The formation of the small secondary bed waves can also be seen in Fig. 586 

11, where the colors show the turbulent kinetic energy. The value of this 587 

parameter close to the bed is proportional to the bed shear stress (Rodi, 588 

1980). Fig. 11 shows that the bed shear stress is high on top of the bed 589 

waves, and low in the front. The fine sediment will deposit in the front 590 

and then the coarse sediment will move over the fines. This creates two 591 

layers from one bed wave. Fig. 11 shows two bed waves at the upstream 592 

side of the central antidune. At 2750 seconds, there are five bed waves. 593 

These larger bed waves can produce the thicker layers in the sedimentary 594 

structure. At 3000 seconds, the antidunes have stabilized and the bed 595 

waves have become so small that they cannot be seen in the bed shear 596 

stress at Fig. 11. Looking at the end result at 6800 seconds in Fig. 8, the 597 

laminae above the lenticular structure are so small that they are hardly 598 

seen. Between 3000 and 6800 seconds, the antidunes were stable and a 599 

wavy deposition pattern formed.       600 

 601 
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 602 
Figure 11. Longitudinal profile of the flume close to the lenticular 603 

structure at different times, where the colors show the turbulent kinetic 604 

energy. The flow direction is from left to right. 605 

 606 

An interesting question is why the upstream-moving wave forms, as seen 607 

in Fig. 10 at 2235 seconds? Movement of a wave in a river can be 608 

predicted by looking at a control volume around a section of a channel 609 

(Olsen, 2017b). The forces on the volume are the hydrostatic pressure 610 

and the momentum from the water velocity on upstream and downstream 611 

side. Fig. 12 shows the computed pressure during the formation of the 612 

lenticular structure. The pressure is strongly non-hydrostatic, as can be 613 

seen by following the lines distinguishing the different colors. A 614 

hydrostatic pressure would mean that these lines would be parallel to the 615 

water surface. The numerical model also solves the Navier-Stokes 616 

equations in the vertical direction, enabling the computation of non-617 

hydrostatic pressure.  618 

 619 

 620 
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 621 
Figure 12. Longitudinal profile of the flume close to the lenticular 622 

structure at different times, where the colors show the pressure. The flow 623 

direction is from left to right. 624 

 625 

Before (2000 seconds) and after (2627 seconds) the upstream-moving 626 

wave formed, the pressure was similar on both sides of the central 627 

antidune. The antidunes were stable and the water level was in phase 628 

with the bed. The image at 2227 seconds shows the longitudinal profile 629 

just before the upstream moving wave formed. There is an exceptionally 630 

high pressure on the downstream side of the antidune, pushing the water 631 

and water surface upstream. The increased pressure arises from the 632 

water velocity gradients at the location. In the SIMPLE method (Patankar, 633 

1980), the numerical model transforms the water continuity defect 634 

(excess water) from the previous time step to a higher pressure in the 635 

through. The corrected velocity field thereby satisfies water continuity 636 

after the pressure has been increased. The numerical model replicates the 637 

physical processes in the flume, predicting the upstream movement of the 638 

surface wave and the antidune. 639 

 640 

4. DISCUSSION 641 

 642 

The current study presents a numerical model that predicts the formation 643 

of lenticular sedimentary structures. The model was previously validated 644 

against laboratory data (Núñez-González, 2012) for average antidune 645 

height, length and celerity. There is, however, no direct comparison 646 

between the geometry of the computed sedimentary structures and 647 
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similar results from the laboratory study. The results of the numerical 648 

model must therefore be evaluated by observations from scientific articles 649 

describing other laboratory studies of sediment deposits under critical 650 

flow conditions together with field observations.  651 

 652 

A landmark laboratory study of sedimentary structure formation with high 653 

Froude numbers was carried out by Alexander et al. (2001). In connection 654 

with antidunes they observed lenticular laminasets – “lenses (laminasets) 655 

with erosional, trough-shaped bases that contain sets of laminae”. 656 

Campbell (1967) define a laminaset as “a conformable succession of 657 

genetically related laminae that are bounded by laminaset surfaces”. 658 

Alexander et al. (2001) observed from the laboratory studies that the 659 

laminae within the sets were up to a few millimetres thick, distinguished 660 

by slight variations in the particle grain size. The lenticular laminasets had 661 

concave-upward erosional bases. “Laminae that fill the troughs 662 

symmetrically are associated with surface-wave breaking and filling of 663 

antidune troughs”. The description of Alexander et al. (2001) fits very 664 

well with the results of the current study. Furthermore, Alexander et al. 665 

(2001) recommends as tools for paleohydraulic reconstructions that the 666 

length and maximum thickness of the lenticular laminasets are 667 

approximately half of the length and height of formative antidunes. 668 

Looking at the size of the computed lenticular sedimentary structures in 669 

Figs. 8,10-12, they have a reasonable fit with the guidelines of Alexander 670 

et al. (2001). 671 

 672 

A recent study of Xavier et al. (2023) describes sedimentary structures 673 

observed in an arid to semiarid ephemeral fluvial system in the southern 674 

Brazil. The different types of deposition patterns are classified in three 675 

facies with different parameters. One of the parameters is the observed 676 

lens size. Only the facies formed by unstable antidunes are associated 677 

with this parameter. The results correspond with the current study, where 678 

lenticular sedimentary structures are produced by an upstream-migrating 679 

antidune. Xavier et al. (2023) also presents a sketch (Fig. 16) showing 680 

longitudinal profiles of the channel during the formation of the lenticular 681 

structure, similar to what is shown in Figs. 8,10-12 of the current article. 682 

Although not founded directly on numerical or laboratory data, it shows 683 

that lenticular structures form over a bed with antidunes where the water 684 

wave move upstream and sediments fill the throughs. This is conceptually 685 

similar to the results from the current study. 686 

 687 

Cartigny et al. (2014) observed formation of lenticular sedimentary 688 

structures without any lamination, which is not the same as the results of 689 

the current study. However, the formation process was different. Cartigny 690 

et al. (2014) described the lenses as formed by suspended particles, as 691 

their flume experiment used finer particles. The current study, modelling 692 

mainly bedload, therefore only described one possible formation process 693 
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for the lenticular sedimentary structures. Other hydraulic conditions may 694 

also produce these geological features.   695 

 696 

The current study is an extension of the earlier work of Olsen (2022), who 697 

used the same numerical model as used in the current study to predict 698 

fractional sediment deposition under antidunes. Formation of sinusoidal 699 

sedimentary structures was produced, together with downstream and 700 

upstream dipping. The novelty of the current study is in the prediction of 701 

lenticular formations. These emerged due to the new upstream boundary 702 

condition with lower water levels and higher bed shear stress. The 703 

movement of the wave comes from the sum of forces in a control volume 704 

around the antidune. A lower upstream water level means a lower 705 

pressure force on the upstream side. This is why the upstream wave was 706 

stronger in the current computation compared with Olsen (2022), who 707 

used a higher upstream water level. However, is this possible in nature?  708 

 709 

A natural river will often have much more complex geometry than a 710 

straight laboratory flume. There can be contractions in the river, forming 711 

small hydraulic jumps. There can be discontinuities in the bed slope. Also, 712 

there may be large boulders affecting the vertical and horizontal flow 713 

direction and water surface shape. It is therefore not unlikely that such 714 

positive water surface slopes may occur in nature.  715 

 716 

One of the goals of the current study was to provide information about 717 

the processes creating lenticular sedimentary structures. The numerical 718 

model shows that the formation and preservation of these geological 719 

features is an indirect effect of the development of upstream-migrating 720 

surface waves. As demonstrated before, these surface waves result from 721 

a strong pressure gradient between the upstream and downstream flanks 722 

of the antidune. The formation of these pressure gradients and 723 

subsequent countercurrent surface wave migration coincide with the 724 

reach of the maximum height of the bedforms, as seen by comparing 725 

Figs. 9, 10 and 12 between 2227 and 2235 s. Therefore, considering both 726 

processes, we interpret that the pressure gradient and the upstream 727 

motion of the surface wave are related to the growth in amplitude of the 728 

surface wave in response to the growth of the antidune beneath it; when 729 

the wave reaches an unstable height, it collapses with a countercurrent 730 

motion. This collapse would be related to the upstream breaking of 731 

surface waves over antidunes, observed by other authors (Kennedy, 732 

1963, Alexander et al, 2001). The numerical model applied here does not 733 

consider the intrusion of air into the flow, so it cannot simulate the wave 734 

breaking process. However, the model is able to reproduce the upstream 735 

motion of a surface wave, so it produces a similar effect on the antidune 736 

morphology that wave breaking would produce. 737 
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But why did the antidune move upstream for a short period? The 738 

decrease in flow velocity under the upstream moving surface wave 739 

reduced the transport capacity of the flow. As a result, sediment was 740 

deposited in the antidune trough and, the deficit of material on the crest 741 

caused the height of the antidune to decrease. This change in geometry 742 

resulted in an increase of the antidune wavelength, which decreased the 743 

wavenumber (k=2/L) and therefore caused the antidune to move, from 744 

the downstream migration region to the upstream migration region in the 745 

diagram of Fig. 6.  746 

The filling of the trough and decrease in height of the antidune related to 747 

the surface wave, also resulted in an increase in the radius of curvature of 748 

the bedform. Núñez-González et al. (2020) showed, with a specific energy 749 

diagram for antidunes, that as the radius of curvature of an antidune 750 

increases, the water depth over the crest tends to be larger than over the 751 

trough, so that the flow decelerates from trough to crest, producing 752 

sedimentation on the upstream flank of the antidune and causing it to 753 

migrate upstream. This upstream displacement of the antidune allows the 754 

preservation of the lenses. 755 

The effect of the changing wavelength on the antidune movement is best 756 

recognized through the antidune mobility number, Fa, defined by Núñez-757 

González & Martín-Vide (2011) to distinguish antidune movement 758 

regimes: antidunes migrate upstream if Fa < 1, downstream if Fa > 1, 759 

and remain stationary if Fa = 1. Núñez-González & Martín-Vide's used the 760 

criterion, Fa = F∙k, while Kennedy’s (1963) criterion as a function of Fa 761 

yields, Fa = F∙k^0.5. 762 

Figure 13 shows the antidune mobility number over time for the period 763 

when the lenses formed. Fa decreased abruptly around t = 2157 s and t 764 

= 2235 s, coinciding with the development of upstream-moving surface 765 

waves. It then oscillated before steadily decreasing after t = 2500 s, 766 

reaching the critical value around t = 2627 s, which is the same time as 767 

when the antidune over the lens began to move upstream (see Fig. 10). 768 

Fa continued decreasing below 1, then started to grow slowly around t = 769 

2750 s, approaching the critical value again at t = 4000 s. Thus, the 770 

upstream movement of the antidune—crucial for lens preservation—can 771 

be explained by the parameter Fa and is associated with a steady 772 

decrease in the wave number due to the antidune wavelength growth 773 

(see Fig. 9b, between t = 2400 s and t = 2800 s). 774 

 775 

 776 

 777 
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778 
Figure 13. Temporal variation of the antidune mobility number Fa, 779 

computed with the characteristics of the dominant bedforms. 780 

 781 

5. CONCLUSIONS 782 

 783 

The numerical model was able to predict the formation of lenticular 784 

sedimentary structures using multiple sediment fractions in the bed. It 785 

also explained the hydraulic processes in detail, including velocity 786 

distributions, turbulence, bed shear stress, sediment sorting, non-787 

hydrostatic pressure and upstream/downstream movement of the water 788 

surface waves and the antidune bed. In the current case, the lenticular 789 

structure was formed by an irregularity in the upstream boundary 790 

condition, lowering the water surface. This decreased the force from the 791 

non-hydrostatic pressure upstream of the antidunes causing an upstream-792 

migrating water wave to move further than it otherwise would have. An 793 

upstream shift in the location of the antidune followed, making space for 794 

a layered lenticular sedimentary structure. The sedimentary structure 795 

itself was formed by smaller bed waves moving on top of the antidune 796 

bed. Each bed wave deposited a layer of fine and coarse material, often 797 

eroding parts of the layers below. The lines from layers of similar grain 798 

size distribution forms the pattern that make up the sedimentary 799 

structure, both in the field and in the numerical model.  800 

 801 

The formation process is in line with results from physical model tests and 802 

accepted theory from the science of sedimentology (Alexander et al., 803 

2001; Cartigny et al., 2014) 804 

 805 

 806 

REFERENCES 807 

 808 

0

0.5

1

1.5

2

2.5

2000 2500 3000 3500 4000

Fa

Time [s]

1.4 m < x <3.5 m

Fa=F∙k (Núñez-G.&Martín-V. 2011)

Fa=F∙k^0.5 (Kennedy 1963)

t=
2

2
3

5
 s

t=
2

1
5

7
 s

t=
2

6
2

7
 s



28 

 

Alexander, J. & Fielding, C. (1997) Gravel antidunes in the tropical 809 

Burdekin River, Queensland, Australia. Sedimentology 44, 327–337. 810 

https://doi.org/10.1111/j.1365-3091.1997.tb01527.x. 811 

 812 

Alexander, J., Bridge, J.S., Cheel, R.J. & Leclair, S.F. (2001) Bedforms 813 

and associated sedimentary structures formed under supercritical water 814 

flows over aggrading sand beds. Sedimentology 48, 133–152. 815 

https://doi.org/10.1046/j.1365-3091.2001.00357.x. 816 

 817 

Baas, J. H., Best, J. L. & Peakall, J. (2016) Predicting bedforms and 818 

primary current stratification in cohesive mixtures of mud and sand, J. 819 

Geol. Soc., 173, 12–45.  https://doi.org/10.1144/jgs2015-024. 820 

 821 

Booker, D.J., Sear, D.A. & Payne, A.J. (2001) Modelling three-dimensional 822 

flow structures and patterns of boundary shear stress in a natural pool-823 

riffle sequence. Earth Surface Processes and Landforms 26, 553–576. 824 

https://doi.org/10.1002/esp.210. 825 

 826 

Bridge, J.S. & Best, J.L. (1997) Preservation of planar laminae due to 827 

migration of low-relief bed waves over aggrading upper-stage plane beds: 828 

comparison of experimental data with theory. Geomorphology 44, 253–829 

262. https://doi.org/10.1111/j.1365-3091.1997.tb01523.x. 830 

 831 

Bucher, J., del Papa, C., Hernando, I.R. & Almada, G. (2024) Upper-flow-832 

regime deposits related to glacio-volcanic interactions in Patagonia: 833 

Insights from the Pleistocene record in Southern Andes, Sedimentology, 834 

71 2314-2334, https://doi.org/10.1111/sed.13216. 835 

 836 

Campbell, C.V. (1967) Lamina, Laminaset, Bed and Bedset. 837 

Sedimentology 8, 2–26. https://doi.org/10.1111/j.1365-838 

3091.1967.tb01301.x. 839 

 840 

Cartigny, M.J.B., Ventra, D., Postma, G. & van den Berg, J.H. (2014) 841 

Morphodynamics and sedimentary structures of bedforms under 842 

supercritical-flow conditions: New insights from flume experiments. 843 

Sedimentology 61, 712–748. https://doi.org/10.1111/sed.12076. 844 

 845 

Collinson, J. & Mountney, N. (2019) Sedimentary Structures, 4th Ed. Terra 846 

Publishing, 352 pp. ISBN: 978-1-78046602-6. 847 

 848 

Engelund, F. & Hansen, E. (1967) A monograph on sediment transport in 849 

alluvial streams, Teknisk Forlag, Copenhagen, Denmark, 62 pp.  850 

 851 

Escauriaza, C. & Williams, M. (2024) Antidune simulations using 852 

continuum-based models. Earth Surface Processes and Landforms, e6058. 853 

Available from: https://doi.org/10.1002/esp.6058 854 

 855 

https://doi.org/10.1111/j.1365-3091.1997.tb01527.x
https://doi.org/10.1046/j.1365-3091.2001.00357.x
https://doi.org/10.1144/jgs2015-024
https://doi.org/10.1002/esp.210
https://doi.org/10.1111/j.1365-3091.1997.tb01523.x
https://doi.org/10.1111/sed.13216
https://doi.org/10.1111/j.1365-3091.1967.tb01301.x
https://doi.org/10.1111/j.1365-3091.1967.tb01301.x
https://doi.org/10.1111/sed.12076
https://doi.org/10.1002/esp.6058


29 

 

Fielding, C. (2006) Upper flow regime sheets, lenses and scour fills: 856 

Extending the range of architectural elements for fluvial sediment bodies. 857 

Sedimentary Geology 190, 227–240. 858 

https://doi.org/10.1016/j.sedgeo.2006.05.009. 859 

 860 

Frechen, J. (1971) Siebengebirge am Rhein, Laacher Vulkangebiet, 861 

Maargebiet der Westeifel: Vulkanologisch-petrographische Exkursionen,  862 

2nd. ed., Gebr. Borntraeger, Berlin – Stuttgart, 195 pp. (in German) Giri, 863 

S. & Shimizu, Y. (2006) Numerical computation of sand dune migration 864 

with free surface flow. Water Resources Research 42, W10422. 865 

https://doi.org/10.1029/2005WR004588. 866 

 867 

Han, K., Sun. J., Lin, B., Huang, Z. & Shi, X. (2023) Large-scale modelling 868 

of highly braided and laterally confined reach of a sand-bed river, Earth 869 

Surface Processes and Landforms, 48:1557-1572 870 

https://doi.org/10.1002/esp.5568 871 

 872 

Hovikoski, J., Mäkinen, J., Winsemann, J., Soini, S., Kajuutti, K., 873 

Hepburn, A. & Ojala, A.E.K. (2023) Upper-flow regime bedforms in a 874 

subglacial triangular-shaped landform (murtoo), Late Pleistocene, SW 875 

Finland: Implications for flow dynamics and sediment transport in (semi-) 876 

distributed subglacial meltwater drainage systems, Sedimentary Geology, 877 

454 106448 https://doi.org/10.1016/j.sedgeo.2023.106448 878 

 879 

Kennedy, J.F. (1963) The mechanics of dunes and antidunes in erodible-880 

bed channels. Journal of Fluid Mechanics 16, 521–544. 881 

https://doi.org/10.1017/S0022112063000975. 882 

 883 

Kopmann, R. (2020) Numerical simulation of dune movements during a 884 

flood event in River Elbe, Germany. River Flow 2020 Proceedings of the 885 

10th Conference on Fluvial Hydraulics, 7–10 July, Delft, Netherlands, p. 886 

565–573. https://doi.org/10.1201/b22619-80. 887 

 888 

Launder, B.E. & Spalding, D.B. (1974) The numerical computation of 889 

turbulent flows. Computer Methods in Applied Mechanics and Engineering 890 

3, 269–289. https://doi.org/10.1016/0045-7825(74)90029-2. 891 

 892 

Leclair, S.F. (2002) Preservation of cross-strata due to the migration of 893 

subaqueous dunes: An experimental investigation. Sedimentology 49, 894 

1157–1180. https://doi.org/10.1046/j.1365-3091.2002.00482.x. 895 

 896 

Lunt, I.A. & Bridge, J.S. (2007) Formation and preservation of open-897 

framework gravel strata in unidirectional flows. Sedimentology 54, 71–87. 898 

https://doi.org/10.1111/j.1365-3091.2006.00829.x. 899 

 900 

https://doi.org/10.1016/j.sedgeo.2006.05.009
https://doi.org/10.1029/2005WR004588
https://doi.org/10.1002/esp.5568
https://doi.org/10.1016/j.sedgeo.2023.106448
https://doi.org/10.1017/S0022112063000975
https://doi.org/10.1201/b22619-80
https://doi.org/10.1016/0045-7825(74)90029-2
https://doi.org/10.1046/j.1365-3091.2002.00482.x
https://doi.org/10.1111/j.1365-3091.2006.00829.x


30 

 

Nabi, M., De Vriend, H.J., Mosselman, E., Sloff, C.J. & Shimizu, Y. (2013) 901 

Detailed simulation of morphodynamics: 3. Ripples and dunes. Water 902 

Resources Research 49, 5930–5943. https://doi.org/10.1002/wrcr.20457. 903 

 904 

Naqshband, S., van Duin, O., Ribberink, J. & Hulscher, S (2015) Modeling 905 

river dune development and dune transition to upper stage plane bed. 906 

Earth Surface Processes and Landforms 41, 323–335. 907 

https://doi.org/10.1002/esp.3789. 908 

 909 

Núñez-González, F. (2012) Bed load transport of sand-gravel mixtures 910 

with antidunes – flume experiments. PhD thesis, Technical University of 911 

Catalunya, Barcelona, Spain. 912 

 913 

Núñez-González, F., & Martín-Vide, J. P. (2010). Downstream-migrating 914 

antidunes in sand, gravel and sand-gravel mixtures. In Proceedings of the 915 

International Conference on Fluvial Hydraulics, River Flow (pp. 393-400).. 916 

 917 

Núñez‐González, F., & Martín‐Vide, J. P. (2011). Analysis of antidune 918 

migration direction. Journal of Geophysical Research: Earth Surface, 919 

116(F2).  920 

 921 

Núñez-González, F., Martín-Vide, J. P., & Olsen, N. R. B. (2020). A 922 

specific energy diagram for antidunes. In River Flow 2020 (pp. 552-558). 923 

CRC Press.  924 

 925 

Olsen, N.R.B. (2015) Four free surface algorithms for the 3D Navier-926 

Stokes equations. Journal of Hydroinformatics 17, 845–856. 927 

https://doi.org/10.2166/hydro.2015.012. 928 

 929 

Olsen, N.R.B. (2017a) Numerical modelling of downstream-migrating 930 

antidunes. Earth Surface Processes and Landforms 42, 2393–2401. 931 

https://doi.org/10.1002/esp.4193. 932 

 933 

Olsen, N. R. B (2017b) Numerical modelling and hydraulics, The 934 

Norwegian University of Science and Technology, ISBN 82-7589-074-7 935 

https://pvv.org/~nilsol/documents/flures6.pdf 936 

 937 

Olsen, N. R. B (2021) 3D numerical modelling of braided channel 938 

formation, Geomorphology, 375, 107528. 939 

https://doi.org/:10.1016/j.geomorph.2020.107528. 940 

 941 

Olsen, N.R.B. (2022) Explaining the formation of sedimentary structures 942 

under antidunes using a 2D width-averaged numerical model, Norwegian 943 

Journal of Geology, Vol. 102, https://doi.org/10.17850/njg102-3-2. 944 

 945 

Patankar, S. (1980) Numerical Heat Transfer and Fluid Flow. T. Francis & 946 

Taylor publishers, 197 pp. 947 

https://doi.org/10.1002/wrcr.20457
https://doi.org/10.1002/esp.3789
https://doi.org/10.2166/hydro.2015.012
https://doi.org/10.1002/esp.4193
https://doi.org/:10.1016/j.geomorph.2020.107528
https://doi.org/10.17850/njg102-3-2


31 

 

 948 

Rodi, W. (1980) Turbulence models and their application in hydraulics, 949 

IAHR State-of-the-art monograph. 950 

 951 

Ruether, N., Olsen, N.R.B. and Eilertsen, R. (2008) 3D modeling of flow 952 

and sediment transport over natural dunes. River Flow 2008: Proceedings 953 

of the International Conference on Fluvial Hydraulics, 3–5 September, 954 

Cesme, Izmir, Turkey, 1479–1485. 955 

 956 

Schmincke, H-U, Fisher, R. V. and Waters, A. C. (1973) Antidune and 957 

chute and pool structures in the base surge deposits of the Laacher See 958 

area, Germany. Sedimentology 20(4) 553-574. 959 

https://doi.org/10.1111/j.1365-3091.1973.tb01632.x. 960 

 961 

Schwarzmeier, C., Rettinger, C., Kemmler, S., Plewinski, J., Núñez-962 

González, F., Köstler, H., Rüde, U and Vowinckel, B. (2023) Particle-963 

resolved simulation of antidunes in free-surface flows, Journal of Fluid 964 

Mechanics, 961 R1, https://doi.org/10.1017/jfm.2023.262. 965 

 966 

Slootman, A., Vellinga, A.J., Moscariello, A. and Cartigny, M.J.B. (2021) 967 

The depositional signature of high-aggradation chute-and-pool bedforms: 968 

The build-and-fill structure, Sedimentology 969 

https://doi.org/10.1111/sed.12843. 970 

 971 

Vellinga, AJ, Cartigny, MJB, Eggenhuisen, JT & Hansen, EWM (2018) 972 

Morphodynamics and depositional signature of low-aggradation cyclic 973 

steps: New insights from a depth-resolved numerical model. 974 

Sedimentology 65, 540–560. https://doi.org/10.1111/sed.12391.  975 

 976 

Warmink, J.J., Dohmen-Janssen, M.C., Lansink, J., Naqshband, S., van 977 

Duin, O.J.M., Paarlberg, A.J., Termes, P. & Hulscher, S.J.M.H. (2014) 978 

Understanding river dune splitting trough flume experiments and analysis 979 

of a dune evolution model. Earth Surface Processes and Landforms 39, 980 

1208–1220. https://doi.org/10.1002/esp.3529. 981 

 982 

Willis, J. C. & Kennedy, J. F. (1978) Sediment transport in migrating bed 983 

forms, Proc. Verification of Mathematical and Physical Models in hydraulic 984 

Engineering, ASCE, College Park, Md., 551-560. 985 

 986 

Xavier, P. L. A., Scherer, C. M. dos S., dos Reis, A. D., de Souze, E. G., 987 

Guadagnin, F. & Piñeiro, G. (2022) Supercritical fluvial styles and the 988 

shifting aridity in the early Triassic: The example of the Sanga do Cabral 989 

Formation, Parana Basin, Brazil. Journal of Sedimentary Research, 93, 990 

972-1006, https://doi.org/10.2110/jsr.2022.063 991 

 992 

Yokokawa, M., Hasegawa, K., Kanbayashi, S. & Endo, N. (2010) 993 

Formative conditions and sedimentary structures of sandy 3D antidunes: 994 

https://doi.org/10.1111/j.1365-3091.1973.tb01632.x
https://doi.org/10.1017/jfm.2023.262
https://doi.org/10.1111/sed.12843
https://doi.org/10.1111/sed.12391
https://doi.org/10.1002/esp.3529
https://doi.org/10.2110/jsr.2022.063


32 

 

An application of the gravel step-pool model to fine-grained sand in an 995 

experimental flume. Earth Surface Processes and Landforms 35, 1720–996 

1729. https://doi.org/10.1002/esp.2069. 997 

 998 

SUPPORTING ONLINE ONLY INFORMATION  999 

For the review process, videos are located at the web page: 1000 

https://nilsol.folk.ntnu.no/cases/lens 1001 

The videos will be uploaded to the ESPL web pages after the review 1002 

process. 1003 

 1004 

https://doi.org/10.1002/esp.2069

