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ABSTRACT

Recognition of Froude supercritical flow deposits in environments that range from rivers to the ocean 

floor has triggered a surge of interest in their flow processes, bedforms and sedimentary structures. 

Interpreting these supercritical flow deposits is especially important because they often represent the A
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most powerful flows in the geological record.  Insights from experiments are key to reconstruct 

palaeo-flow processes from the sedimentary record. So far, all experimentally produced supercritical 

flow deposits are of a narrow grain-size range (fine to medium sand), while deposits in the rock 

record often consist of a much wider grain-size distribution. This paper presents results of 

supercritical-flow experiments with a grain-size distribution from clay to gravel. These experiments 

show that cyclic step instabilities can produce more complex and a larger variety of sedimentary 

structures than the previously suggested backsets and ‘scour and fill’ structures. The sedimentary 

structures are composed of irregular lenses, mounds and wedges with backsets and foresets, as well as 

undulating planar to low-angle upstream and downstream dipping laminae. The experiments also 

demonstrate that the Froude number is not the only control on the sedimentary structures formed by 

supercritical-flow processes. Additional controls include the size and migration rate of the hydraulic 

jump and the substrate cohesion. This study further demonstrates that Froude supercritical flow 

promotes suspension transport of all grain sizes, including gravels. Surprisingly, it was observed that 

all grain sizes were rapidly deposited just downstream of hydraulic jumps, including silt and clay. 

These results expand the range of dynamic mud deposition into supercritical-flow conditions, where 

local transient shear stress reduction rather than overall flow waning conditions allow for deposition 

of fines. Comparison of the experimental deposits with outcrop datasets composed of conglomerates 

to mudstones, shows significant similarities and highlights the role of hydraulic jumps, rather than 

overall flow condition changes, in producing lithologically and geometrically complex stratigraphy.

Key words:  Cyclic steps, Froude supercritical flow deposits, foreset and backset, gravel lenses, scour 

and fill, sedimentary structure hierarchy, upward fining stratigraphy.

INTRODUCTION

The recognition that Froude supercritical flows are more common and occur in a wider variety of 

environments than previously realized has recently increased interest in Froude supercritical flow 

processes, bedforms and sedimentary structures. Froude supercritical flow deposits are suggested to 

be common on modern and ancient active margin slopes (e.g. Walker, 1967; Komar, 1971; Hand, 

1974; Migeon et al., 2000; Fildani et al., 2006; Postma et al., 2009, 2014, 2016; Paull et al., 2010; A
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Covault et al., 2014, 2017; Ito et al., 2014; Normandeau et al., 2014; Postma & Cartigny, 2014; 

Symons et al., 2016; Lang et al., 2017; Ono & Plink-Björklund, 2018;) and some basin floor fans (e.g. 

Walker, 1967; Migeon et al., 2000; Nakajima & Satoh, 2001; Normark et al., 2002; Postma et al., 

2014; Postma & Kleverlaan, 2018). Supercritical flow is further considered to be the 

geomorphologically formative flow in flood-prone variable discharge rivers (e.g. McKee et al., 1967; 

Williams, 1971; Frostick & Reid, 1977; Foley, 1978; Tunbridge, 1981; Stear, 1985; Abdullatif, 1989; 

Bromley, 1991; North & Taylor, 1996; Alexander et al., 2001; Fielding, 2006; Billi, 2007; Fielding et 

al., 2009; 2018; Plink-Björklund, 2015; 2018). Supercritical flow deposits have also been described 

from a variety of other depositional environments, such as deltas (Massari, 1996; Ventra et al., 2015; 

Dietrich et al., 2016; Hughes Clarke, 2016), carbonate ramps (Massari & Chiocci, 2006; Lüdman et 

al., 2018; Slootman et al., 2019), glacial settings (e.g. Russell & Arnott, 2003; Duller et al., 2008; 

Lang & Winsemann, 2013; Lang et al., 2017) and volcanic settings (Schminke et al., 1973; Casalbore 

et al., 2014; Pope et al., 2018; Clare et al., 2018). Despite this recent surge of interest in Froude 

supercritical flow deposits and processes, sedimentologists struggle with interpreting the sedimentary 

structures within such deposits. The common long wavelength and low amplitude (e.g. Alexander et 

al., 2001; Cartigny et al., 2014) of supercritical-flow sedimentary structures make their recognition 

difficult, especially in outcrops of limited size. Furthermore, sedimentary structures associated with 

supercritical flows commonly display a wider range of structures compared to the subcritical-flow 

structures such as lower flow regime planar laminations, and primarily cross-lamina and cross-strata 

formed by migration of ripples and dunes (e.g. Allen, 1982; Baas, 2003).

Direct field observations (e.g. Normandeau et al., 2014; Fricke et al., 2015; Hughes Clarke, 

2016; Hage et al., 2018; Normandeau et al., 2018), experimental studies (e.g. Simons & Richardson, 

1961; Alexander et al., 2001; Spinewine et al., 2009; Yokokawa et al., 2010; Balmforth & Vakil, 

2012; Cartigny et al., 2014; Fedele et al., 2016) and numerical models (e.g. Kubo & Nakajima, 2002; 

Fagherazzi and Sun, 2003; Kostic & Parker, 2006; Fildani et al., 2006; Vellinga et al., 2017), supply 

valuable tools for interpreting the sedimentary record, but are still relatively sparse. Furthermore, all 

experimental supercritical flow deposits have been produced in a narrow range of grain sizes, where 

median grain size is fine to coarse sand (0.12 to 0.60 mm) (Gilbert 1914; Guy et al., 1966; Kennedy 

1961; Guy et al., 1966; Mastbergen & Winterwerp, 1987; Alexander et al., 2001; Spinewine et al., A
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2009; Yokokawa et al., 2010; Cartigny et al., 2014; Fedele et al, 2016). In some cases (Cartigny et al., 

2014), the grain size was so homogenous that it prevented the formation of visible stratifications and 

laminations that are encountered in natural deposits. While such studies have been instrumental in 

establishing the flow processes and bedform dynamics of supercritical flow regimes, they are of 

limited use to a sedimentologist in the field who aims to interpret sedimentary structures. 

This study shows the results of flume experiments with sediment grain sizes from clay to 

gravels. These experiments demonstrate that a variety of sedimentary structures can be formed by 

cyclic step instabilities, rather than just backsets or ‘scour and fill’ structures. It is further shown here 

that the size and the migration rate of hydraulic jumps are significant controls on the sedimentary 

structures together with the available grain-size distribution. The experiments reveal that all grain 

sizes (including gravel) are transported in suspension and a subject to rapid local deposition at 

hydraulic jumps (including clay and silt). The similarity of these experimental deposits with outcrop 

datasets that have a grain-size range from conglomerates to mudstones and display significant 

stratigraphic and lithological complexity are discussed. 

EXPERIMENTAL SETUP

Experiments were carried out at the Eurotank Flume Laboratory of the Utrecht University, mostly 

following the methodology of Cartigny et al. (2014) (Fig. 1). The experimental flume was 12.0 m 

long, 0.48 m wide and 0.6 m deep. It was filled with water and ca 1.5 m3 of sediment, resulting in ca 

0.2 m thick deposit on the flume floor with a water column of ca 3 to 10 cm on the sediment surface. 

Both sediment and water were recirculated by a pump. The flume was initially filled with only fine-

grained sands (D50 = 146µm; Fig. 2). An electromagnetic discharge meter in the recirculation pipe 

measured the discharge. The discharge was set at one of two different values; high discharge (54 ± 2 

m3/h) and low discharge (49 ± 2 m3/h) ranges.  Eleven runs were conducted with variable discharge, 

sediment amount and grain size. Kaolin (D50 = 3.3 µm) was used for clay fraction, crushed glass (D50 

= 31µm) for silt, poorly sorted medium to coarse-grained sands (D50 = 428 µm) and granules (2 to 3 

mm) (Fig. 2 and Table 1). The materials of these grain-size classes were chosen to be visually distinct 

from the original fine-grained sands (Fig. 3) to ensure that sedimentary structures would be visible. 

These original fine-grained sands are yellowish-white, whereas the medium to coarse-grained sands A
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and the gravels are black to brown in colour. The whitish kaolin and silt provide an off-white hue 

when mixed with fine-grained sands. 

In the experimental runs sediments were fed from the sediment feeder at a certain rate for 10 

to 40 min, and individual runs lasted for 0.5 to 4.0 hours. The amount of sediment corresponding to 

what was added during the previous run was removed to keep the sediment budget constant in the 

flume (Table 1). Thus, the composition of the sediment in the flume became increasingly broader in 

grain-size range over the duration of the experiment (Fig. 3).  A digital camera (Canon EOS 1100D; 

Canon, Tokyo, Japan) was placed at the side of the flume ca 6 m downstream of the inlet and 4 m 

downstream of the sediment feeding point, where it captured the flow dynamics and depositional 

processes through the glass wall of panel 6 (Fig. 1) every 2 seconds. The upstream panels 3, 4 and 5 

were used to observe large-scale flow structures and the evolution of migrating bedforms. Therefore, 

the bedforms were observed on the two-dimensional flow parallel section only.

EXPERIMENTAL RUNS

All runs were dominated by the long wavelength instabilities associated with cyclic steps, as indicated 

by the distribution of the Froude numbers (Fr90 =1.59 to 2.34 and Fr50 = 0.66 to 0.99 in Fig. 4) (see 

also Cartigny et al., 2014). Although some additional short wavelength antidune instabilities were 

observed (see panel 3 in Fig 5.) between the hydraulic jumps. These antidunes did not impact the 

sedimentary structures presented here because the following hydraulic jump always reworked those 

structures that only occur at the very top of the cyclic step sequences. The first two runs, 1 and 2, 

were conducted for the reference of low and high discharge conditions, respectively. These conditions 

were used to decide discharge rates for relatively stable occurrence of hydraulic jumps (Figs 4 to 6). 

In this paper, only runs with the high discharge rate (52 to 56 m3/h) are documented, as these runs 

formed larger structures which were easy to observe. Hydraulic jumps of the control run 2 occurred 

every 120 to 230 seconds in panel 6, and the peaks of Froude number frequently exceeded 2 (Fig. 4). 

Medium to coarse-grained sands and gravels were added during runs 4 and 5 (Fig. 3). In both 

of these runs, coarser grained laminations formed in the fine-grained sand deposits within panel 6. In 

run 4, the coarser sands started to show up in panel 6 as brownish laminations 24 min after the start of 
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adding the coarser grains; and in run 5 they arrived 30 min after the start of feeding. Especially, in run 

5, the coarse grains formed clear laminations (Figs 3 and 5). 

In runs 6 to 9 silt was added. Some of the silt mixed into the sand and formed whitish laminae 

along scour surfaces (Figs 3 and 7A). The silt fraction component in sediment is significant as seen by 

grain-size distribution, as compared to run 4 (Fig. 7B). In run 6, visually diffuse whitish laminae 

formed, and the laminae were more distinct in runs 7 and 9 (Figs 3 and 7A). A few millimetre thick 

silty laminae were especially visible on erosion surfaces along the basal scours. Silt had a limited 

impact on the visible bedform architecture, or on the occurrence of hydraulic jumps that look very 

similar to those of run 2 (Fig. 4C). 

Kaolin clay was added in runs 10 and 11 (Fig. 3). Hydraulic jumps of run 11 occurred every 

160 to 370 seconds. This is a longer recurrence interval compared to the control run 2 (Fig. 4D) and 

suggests that clay content influences the length or the migration velocity of the bedforms. Kaolin also 

provided more cohesion, and transient steeper irregular slopes caused local slumping (Fig. 7C).

GENERAL MORPHODYNAMICS

Basic morphodynamics of the dominant cyclic step instabilities are well-illustrated by the continuous 

panel views of runs 5 and 9 (Figs 5 and 6).  Bedform surfaces have a characteristic undulating 

geometry (see also Spinewine et al., 2009; Yokokawa et al., 2009; Cartigny et al., 2011). Hydraulic 

jumps occur in the troughs between the crests, where supercritical flow transforms into subcritical 

flow. Upstream of the hydraulic jump the surface dips downstream on the lee side of the bedform. 

This surface is formed by erosion due to the acceleration of the flow toward the hydraulic jump. At 

the hydraulic jump, the flow velocity drops drastically and the flow thickness increases. The 

underflow (lower jet flow of Fedele et al., 2016) maintains high velocity and erodes the substrate, 

followed by quick deceleration downstream, where deposition becomes dominant (see panel 4 in Fig. 

5). Due to the rapid deposition, the underflow erosion surface at the hydraulic jump is instantaneously 

preserved. This surface exhibits flat to concave-up scour geometry. Downstream of the hydraulic 

jump, flow accelerates towards the top of the bedform crest, where the flow gradually transforms into 

supercritical flow through transcritical flow conditions.  At this transition point from subcritical to 

supercritical flow, erosion becomes dominant and most of the sediment becomes suspended, including A
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the gravels. Directly downstream of the hydraulic jump and within the subcritical zones, some 

bedload transportation occurs together with rapid deposition. Deposition downstream of the hydraulic 

jump, and erosion upstream of the hydraulic jump are coeval (Figs 5 and 6). As the hydraulic jump 

migrates upstream, the location of deposition and erosion shifts, and the high deposition rate facies 

(structureless or normally graded deposits) and the coarsest grain sizes are spatially closely associated 

with the basal erosion surfaces in both vertical and lateral directions.   

The size of the hydraulic jumps varied spatially and temporally (Fig. 4), even though the flow 

discharge rate was not varied during the experiments. Hydraulic jump sizes have been described as 

the ratio of Froude numbers before and after the hydraulic jump (e.g. Chow, 1959; Cartigny et al., 

2014) (Fig. 4). Visual observations in this experiment show that the water surface difference upstream 

and downstream of the hydraulic jump and the scour depth are also related to the Froude number ratio 

(Fig. 8). Large hydraulic jumps have a Froude number range and ratio of ca 2 to 5 (Frbefore hydraulic jump – 

Frafter hydraulic jump) and ca 5 to 20 (Frbefore hydraulic jump / Frafter hydraulic jump) and small hydraulic jumps ca 1 

to 2 and up to 5 (Fig. 4). Large hydraulic jumps have a water surface difference of 5 to 20 cm and 

scour depth of 4 to 15 cm, and small jumps 2.5 to 5.0 cm and a few centimetres respectively (Figs 5, 6 

and 8). Although the long-term aggradation condition was not reproduced, the short-term aggradation 

repetitively occurred in this experiment. The large hydraulic jumps occasionally eroded down to the 

bottom of the flume, and were followed by rapid sediment aggradation. The small hydraulic jumps 

reworked only shallow horizons.Over the three panels (Figs 5 and 6), across 3 m, this lateral 

variability of supercritical flow and its interaction with sediment is clearly visible. 

MORPHODYNAMICS OF SPECIFIC BEDFORMS AND THEIR SEDIMENTARY 

STRUCTURES

Flow interaction with gravels 

The gravelly sedimentary structures display a larger degree of complexity as compared with 

sedimentary structures formed in fine-grained sands (Figs 3 and 5B). The structures exhibit not only 

the previously described upstream (backset) and downstream dipping (foreset) laminae with 

erosionally truncated surfaces, and also form mound and wedge shapes, consistent backset trains and 

amalgamated lenses (Figs 5B, 6C, 9C, 9D and 10C).  A
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Mound and wedge-shaped structures

Mound-shaped gravelly stuctures form through rapid deposion of gravels provided by repetitive 

surges from transiently stationary hydraulic jumps (Fig. 9). The basal undulating erosion surface 

forms as an unsteady hydraulic jump migrates by with an irregular migration velocity (t1 = 0 s in Fig. 

9A). Erosion occurs where the hydraulic jump becomes temporarily stationary or during periods when 

the hydraulic jump becomes larger. The passage of the hydraulic jump is followed by deposition of 

sands and gravels on the upstream dipping side of the hydraulic jump scour (t2 = 6 s in Fig. 9A). 

Gravels fall out closer to the hydraulic jump, as compared to sands, due to their higher settling 

velocity, and form an initial triangular mound. A deep scour forms at the right edge of panel 6 (t3 = 24 

s in Fig. 9A), as the hydraulic jump becomes stationary. The newly arriving gravels fall out from 

hydraulic jump and accrete onto the initial mound, forming backsets as well as foresets. The foresets 

grade downstream from gravel to sand, as the sands are deposited further downstream. As the 

hydraulic jump migrates further upstream, the mound-shaped gravel bedform is rapidly overlain by 

fine-grained sands and preserved (t4 = 120 s in Fig. 9A). The foresets and backsets have a dip angle 

up to 20° and flank the initial triangular shaped mound. The foresets show a fining (sandying) upward 

trend. The backsets show a sigmoidal accretion pattern and do not have grain-size trends (Fig. 9B and 

C). Between t4 and t5, a small hydraulic jump migrates upstream (Fig. 9A), but does not erode down 

into the gravel bedforms. 

The partial erosion of mound-shaped structure leads to wedge-shaped structures (Fig. 9). The 

upstream migrating hydraulic jump that caused deposition of the consistent backsets continuously 

erodes the top of the previously deposited gravel mound in the right corner of panel 6 (t5 = 378 s in 

Fig. 9A). The upstream dipping strata of the mound located in a deeper part of the hydraulic jump 

scour are preserved. They form a wedge-shaped stucture that is bound by a sharp downstream dipping 

erosion surface and contains upstream dipping sigmoidal laminae (Fig. 9D). 

Consistent backsets

Consistent backset structures exhibit regular upstream inclined strata and form during stable upstream 

migration of hydraulic jumps. Following the above described sequencial process in run 5 (Fig. 9), a A
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third hydraulic jump migrates upstream at a stable rate and forms a relatively flat erosion surface (t5 = 

378 s in Fig. 9A). This hydraulic jump erodes the gravel mound and redeposits some of the gravel on 

the flat surface. This pulsed redeposition of gravels is followed by continuous accumulation of fine-

grained sands with a relatively sharp grain-size decrease on the top of the gravel bedform. The fine 

sands form low-angle undulating laminae. Continued stable upstream migration of the hydraulic jump 

causes gradual deposition of regular gravel backsets as their depositional zone also migrates upstream 

(t6 =  416 s in Fig. 9A). This gravel bedform is preserved as a flat based set of gently dipping (up to 

10°) backsets, abruptly overlain by fine-grained laminated sands (Fig. 9D).

Amalgamated lens-shaped structures

Amalgamated lens-shaped structures are compound gravel lenses formed by repeated formation of 

gravel mounds and their gravitational reworking during surges from the underflow of transiently 

growing hydraulic jumps in steep scours. The amalgamated mounds (Fig. 10) form 83 min (5000 sec) 

later in run 5 as shown by time steps in Fig. 10A. An upstream migrating hydraulic jump erodes the 

above described bedfroms (t1–2 = 0 to 8 s in Fig. 10A). When the hydraulic jump becomes stationary 

(t2–4 = 8 to 14 s in Fig. 10A) a deep scour forms, its surge provides gravels that are deposited on the 

upstream facing side of the hydraulic jump scour and form an elongate mound. This mound 

deposition is followed by gravitational emplacement of some of the gravels down the steep scour 

slope towards the base of the scour (t4–5 = 14 to 16 s in Fig. 10A). The next surge of gravels forms a 

new mound that consists of backsets and foresets (t6–8 = 18 to 24 s in Fig. 10A) higher on the 

upstream facing scour of the hydraulic jump, as the hydraulic jump gradually becomes larger and 

more stationary. This mound also becomes unstable due to rapid accumulation, and some of the 

gravels slide down to the base of the scour (t9 = 28 s in Fig. 10A). Upstream migration of the 

hydraulic jump provides a new surge of gravels (t10–11 = 32 to 34 s in Fig. 10A) that form a third lens, 

followed by rapid sand deposition. The preserved bedform consists of three stacked gravel lenses 

bounded by upstream facing steep erosion surfaces (up to 20°) (Fig. 10C). Individual lenses contain 

backsets or foresets or both, where the gravitationally redeposited gravels are internally structureless. 

The foresets are more gently dipping (from a few to 10°) and have concave shapes (Fig. 10C).  The 
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initial hydraulic jump scour surface forms a compound basal erosion surface for the three lenses (Fig. 

10C). 

Summary

In summary, the gravelly sedimentary structures are a function of gravel availability, gravel settling 

velocities, and the size and migration rate of the hydraulic jumps. Gravel availability is quickly 

transformed from a stable feeder supply upstream to a stepwise supply, because all gravel is 

temporarily deposited downstream of the first hydraulic jump. A passage of a subsequent hydraulic 

jump erodes gravels and suspends them, and they are deposited successively just downstream of the 

hydraulic jump, at the upstream facing side of the hydraulic jump scour due to their high settling 

velocities. Thus, although the gravels are suspended while transported, their downstream movement is 

episodic and depends on the passage of hydraulic jumps. The lateral relationship of the gravelly 

structures with sands, and the resultant complexity of the gravel–sand sedimentary structures are 

determined by the gravel settling velocity, hydraulic jump size and the hydraulic jump migration rate. 

The hydraulic jump migration rate also determines the shape of the sedimentary structures as steady 

hydraulic jump migration produces flat erosion surfaces and consistent backsets, whereas unsteady 

hydraulic jumps’ migration and stationarity form concave-up scours, mound, wedge-shaped structures 

and amalgamated scour-bound lenses. Backsets also form on the upstream-facing side of the mounds, 

whereas foresets form where gravels are transported just beyond the mound. These gravelly foresets 

then fine into sands. The complexity of the sedimentary structures is further increased by partial 

erosion (wedge-shaped gravelly structures) and gravitational redeposition (amalgamated lenses). All 

gravelly structures were rapidly covered by sands when the hydraulic jumps migrated further 

upstream, and would thus have been preserved during shorter events or under more aggradational 

conditions.

Flow interaction with silt

Silt alone had a limited impact on the bedform architecture or on the occurrence of hydraulic jumps, 

because they look very similar to those of the control run 2 (Figs 3 and 4). The experiments 

demonstrate that silt can be deposited from supercritical flow instabilities, due to the rapidly A
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decreasing bed shear stress downstream of a hydraulic jump, rather than from waning-stage flow only, 

as commonly considered (e.g. Bouma, 1962; Lowe, 1982; Sumner et al., 2012).  Some of the silts are 

deposited together with fine sand and thus contained as the matrix in the fine-grained sand (Fig. 7B). 

Some silt can also be observed in deeper parts of scours as thin, a few millimetre-thick laminations 

(Fig. 11), and in upper parts as a cm-thick diffuse low-angle lamination (Fig. 7A). The small 

proportion of distinct silt laminae in deeper parts may further be a result of rapid post-depositional 

water escape. The diffuse lamination in upper parts are deposited under the subcritical to transcritical 

flow phase in the stoss side of hydraulic jump (Fig. 6A and B). 

Flow interaction with clay

Adding kaolin clay (Fig. 2) to the experiment in run 11 affected the flow morphodynamics by 

producing initially steeper but successively longer and shallower hydraulic jump scours associated 

with longer migration periods. The resultant sedimentary structures were characterized by normal 

grading of gravels, loading structures and lower-angle laminae and lenses (Fig. 12). These heterolithic 

bedforms were observed to form during the passage of two cyclic step instabilities (Fig. 12A), as seen 

in a time series (Fig. 12A). Kaolin is deposited together with sands and produces cohesive and less 

permeable and water-rich deposits. These bed properties seem to initially promote locally steeper 

scour surfaces at the hydraulic jump (t1 = 0 s in Fig. 12A; see also Fig. 7C). Due to cohesive 

gravitational deformation and the continued erosion of the upstream side of the hydraulic jump, these 

steep surfaces are not preserved and the erosion surface formed by the migrating hydraulic jump 

becomes relatively shallow and long. As gravel-rich coarser sands arrive, they are deposited and 

loaded into the clay-rich substrate (t2 = 12 s in Fig. 12A). Due to loading, gravels form concave lenses 

rather than mounds. As the relatively initially stationary hydraulic jump starts quickly migrating 

upstream (t3 = 22 s in Fig. 12A), a step-like irregular scour surface forms. During the upstream 

migration of the hydraulic jump, successively finer grain sizes are deposited and form normally 

graded gravels (t4 = 48 s in Fig. 12A). Rapid sand deposition over the gravelly lenses produces a 

fining upward trend of the whole scour fill, where gravels are clearly normally graded, but fine-

grained sands overlay the gravels with a sharp grain-size shift and display only weak grading (t5 = 102 

s in Fig. 12A). The next migrating hydraulic jump erodes into the gravel layer at the centre of the A
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panel and forms isolated lenses (t6 = 384 s in Fig. 12A). The eroded gravels are transported onto the 

downstream edge of the scour. The surge of the migrating hydraulic jump provides a new population 

of coarse grains that form 2 to 3 cm deep loading structures with irregular basal surfaces (t7 = 400 s in 

Fig. 12A). During further hydraulic jump migration fine sands quickly cover the coarse lenses (t8 = 

502 s in Fig. 12A).

Unique to this run are the normally graded gravels and isolated normally-graded gravel lenses 

loaded into the substrate. The loading structures are 2 to 3 cm deep and form a highly irregular basal 

surface (Fig. 12B and C). Gravel lenses are a few centimetres thick, and overlain by fine-grained sand 

with a sharp grain-size shift (Fig. 12D). It is also characteristic that the hydraulic jump scours were 

more elongated and shallower, and that the migration period of hydraulic jumps was longer (Fig. 4D). 

A key outcome of this portion of the experiment (runs 10 and 11) is that clay and silt can be deposited 

in hydraulic jumps and interbedded with sands and gravels. These results expand the range of 

dynamic mud deposition into the supercritical flow. 

KEY CONTROLS ON SEDIMENTARY STRUCTURES

The general nature of the sedimentary structures of these experiments is in good agreement with 

previous experiments (Alexander et al., 2001; Cartigny et al., 2014) and confirms again the abundance 

of concave-up laminae dipping upstream and downstream, and convex-up laminae filling troughs (Fig. 

13).  However, the wider grain-size distribution enables some aspects of flow and sediment 

interaction to be observed in greater detail. Based on these observations it is suggested that the 

resultant sedimentary structures are strongly controlled by variations in the strength, stability and 

migration rate of the hydraulic jumps (Table 2). This result is an experimental confirmation of the 

prediction of the importance of hydraulic jump variability based on numerical modelling by Vellinga 

et al. (2017). The observations herein also highlight the suspension transport of all grain sizes and the 

differences in flow interaction with different grain-size classes. This study also shows that cyclic step 

instabilities can produce more complex and a larger variety of laminations than previously suggested 

(e.g. Cartigny et al., 2014; Hage et al., 2018). The present experiments produced irregular lenses, 

mounds and wedges, as well as undulating planar to low-angle upstream and downstream dipping 

laminae (for example, Fig. 12), in addition to backsets and amalgamated scour and fill structures. A
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These experiments also show that grain sizes from gravel to clay fall out in close proximity in 

hydraulic jumps and have the potential to produce highly heterolithic and potentially cohesive 

deposits (see also Ono & Plink-Björklund, 2018).  

Erosion–deposition dynamics  

The experiments indicate that cyclic step instabilities enhance deposition and erosion to occur in 

bursts, where erosion on the supercritical lee side of the hydraulic jumps generates surges of sediment 

that are partially deposited in the vicinity of the hydraulic jump and partially transported further 

downstream. Erosion on the supercritical lee side and beneath the underflow within the hydraulic 

jump forms the composite erosion surface as previously described by Slootman et al., 2019 (Figs 5 

and 6). Deposition starts in the vicinity of the hydraulic jump where supercritical flow transitions into 

subcritical flow (see also Winterwerp et al., 1992; Kostic & Parker, 2006; Cartigny et al., 2014; 

Vellinga et al., 2017). As a result, both maximum erosion rate and maximum deposition rate 

conditions are laterally closely associated as was also previously observed by Postma et al. (2009). 

This results in accumulation of deposits that indicate the highest deposition rates and have the 

coarsest grain sizes, such as coarse structureless or normally graded deposits, just above the basal 

erosional scour surfaces (Figs 6B and 12D). Infilling of this erosional scour results in upstream or 

downstream dipping, or upward flattening laminae with dip angles of up to 20° (Figs 5A, 6A, 9C, 9D 

and 12B). 

Suspension transport and settling velocity

All grain sizes, including the gravels (2 to 3 mm) were transported in suspension (Figs 9A, 10A and 

12A). The coarser material was systematically deposited closer to the hydraulic jump compared to 

fine sands. Thus, differences in settling velocities allow for grain-size segregation, as gravels and 

coarser sands settle first and form lenses above erosional scours. In contrast, fine-grained sand, silt 

and clay are deposited together, invoking that their settling velocities are not distinct enough at high 

sediment concentrations. Alternatively, initially deposition may be driven by competence (sensu 

Hiscott, 1994) because only the coarser clasts settle out, and this is followed downstream by capacity 

driven deposition where all grain sizes deposit into a structureless or weakly laminated facies. This is A
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consistent with the suspension capacity perspective proposed by Eggenhuisen et al. (2017), who 

predict that turbulent carrying capacity of suspended sediment is not determined by grain size for 

sediment smaller than 200 μm. This would explain why clay, silt and fine grained sand are deposited 

together, apparently without much grain-size segregation. Independent of the cause, the fine sands and 

silts form the structureless or weakly laminated facies that overlie normally graded gravel to coarse 

sand deposits with a sharp grain-size shift (Fig. 6B). It is also interesting that normal grading of 

gravels primarily occurs in the presence of clay, suggesting a significant effect of clay on flow 

rheology (Fig. 12D). Bedload transport only occurs locally and transiently as traction reworking of 

suspension fallout deposits.

Gravel transport

Gravels and coarse sands exhibit stepwise downstream movement, where their suspension transport is 

interrupted by fallout at hydraulic jumps. When added to the flume, the gravels and coarse sand were 

immediately deposited into a downstream trough, as their settling velocity is high. They were re-

suspended by the scouring action of the underflow of a successive upstream migrating hydraulic jump, 

and re-deposited in the subcritical zone. Successive repetition of this process produces the stepwise 

downstream transport because, once deposited, gravels and coarse sands can be re-suspended only by 

increased shear stress caused by a successively migrating hydraulic jump. The gravel content becomes 

smaller downstream along the flume, as there is a 24 to 30 min gravel transit time to panel 6 due to 

the stepwise gravel movement that generates a time lag. Some gravel is trapped in the base of the 

deep scours. This stepwise movement and the trapping in deeper horizons produces lateral and 

vertical heterogeneity in sedimentary facies on relatively short spatial scales. Thus, gravel is likely to 

occur as lenses just above scour surfaces as controlled by gravel interaction with hydraulic jump 

migration. 

Hydraulic jump size and migration rate

Observations across the three panels (Figs 5 and 6), also show that the size of the hydraulic jumps 

controls the shape and size of bedforms and their resultant deposits. Panel 5 in Fig. 5 and panel 3 in 

Fig. 6 show two relatively small hydraulic jumps (See Fig. 8 for definition) producing shallow scours A
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and low-angle undulating laminations.  Similar low-angle laminations are also visible within the 

upper interval of deposits in Figs 5 and 6. Further upstream in panel 4 (Fig. 5) a large hydraulic jump 

forms a gravel mound and erodes deeply into precedent gravel deposits. Another example of a large 

hydraulic jump  seen in panel 5 of Fig. 6 produces backsets that are steep and ca 10 cm in height. 

Examples of other large hydraulic jump deposits occur as scour-bound gravels with lenticular 

geometries which are erosionally or sharply bounded and enclosed in fine-grained sands (lower 

interval in Figs 5 and 6).  These scours are 30 to 90 cm long and 10 to 15 cm deep, and display cross-

cutting geometries. The well-preseved and extended scour length will be approximately 0.5 to 1.0 

wavelength of the cyclic-step bedform (Fig. 6). Gravel lenses are not distributed homogeneously on 

the scour surfaces, but are rather deposited locally on the side of the scours with more steeply dipping 

surfaces (Figs 5B, 6B and 6C), and form upstream and downstream facing sigmoidal laminations. The 

scour fills show diffuse upward flattening laminations and look almost structureless in places (Fig. 

6B). 

Examination of the migration rate of the hydraulic jumps shows some variations between runs 

2, 5, 9 and 11 as average migration rate varies 0.8 to 1.6 cm/s across panel 6 (Fig. 14). Most migration 

rates of individual hydraulic jumps show unsteady movement, seen as gradient changes in the plots in 

Fig. 14. This is consistent with observations of hydraulic jumps becoming temporarily stationary 

before accelerating again to higher migration rates (for example, Figs 9A, 10A and 12A). The 

migration rate of run 11 with clay displays higher irregularity and a wider range of migration rates 

compared to the other three runs (Fig. 14). It is concluded that migration rate irregularity is enhanced 

by the clay content (Fig. 14), because the clay significantly affects fluid properties (e.g. Baas et al., 

2015) as well as forming a cohesive and deformable substrate (e.g. Baas et al., 2016). The hydraulic 

jump size variation does not have a clear relationship with migration rate. 

This size and the migration rate variability is a key control on bedform morphodynamics and 

the resultant sedimentary structures. Large hydraulic jumps form deep scours with steep upstream and 

downstream faces because the migration rate of the hydraulic jumps is variable. The hydraulic jumps 

move upstream in a stepwise manner forming deeper scours where the migration rate is slow, and 

relatively shallow surfaces where the migration rate is high (Fig. 15). This results in irregular 

undulating erosion surfaces (t1 in Fig. 9A and t1–4 in Fig. 10A). When hydraulic jumps migrate at A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

stable rates, they form flat erosion surfaces (t5 in Fig. 9A), and consistent upstream dipping laminae or 

mound-shaped bedforms dependent on the shape of the scour and the migration rate of the hydraulic 

jump (Figs 9 and 10). Moreover, larger hydraulic jumps erode deeper, and form erosionally-bound 

and wedged-shaped deposits (t5 in Fig. 9A). Small hydraulic jumps tend to form shallow scours, 

which when covered with sediments result in planar to undulating laminations, independent of the 

stability of the hydraulic jump migration (see panel 5 in Fig. 5A, panel 3 in Fig. 6A, and Fig. 6B and 

C). Small hydraulic jumps can also form local gravel mounds where they rework the precedent gravel 

mound deposits (see panels 3 and 4 of Fig. 6). 

  

Cohesive substrate

Rapid deposition at hydraulic jumps causes rapid sediment fallout and mixes some of the kaolin into 

the fine sand, promoting significant loading in the cohesive kaolin containing substrate as the less 

permeable substrate captures more water from rapid deposition. This soft and deformable substrate 

also promotes gravitational sliding and reworking of scour surfaces (e.g. Baas et al., 2016). Thus, the 

passage of hydraulic jumps forms relatively shallow scours (Fig. 3, t2 and t7 in Fig. 12A). This causes 

gentler and longer wavelength cyclic step bedforms, perhaps further enhanced by a longer period of 

the hydraulic jumps (Fig. 4D). If a hydraulic jump becomes stationary, it does form deeper and more 

elongated scours, because the slumping prevents from preserving steeper scour surfaces (Fig. 7C). 

The cohesive substrate also has a significant effect on coarse-grained sedimentary structures as they 

form lenses rather than mounds, because they load into the substrate, as the gravel lenses have higher 

density than the substrate (e.g. Allen, 1982; Owen, 2003). 

IMPLICATIONS FOR OUTCROP INTERPRETATION 

Sedimentary structures produced in these experiments bear close similarity with field datasets of 

upper to middle slope turbidite deposits from the Eocene Juncal Formation and the La Jolla Group. 

These deposits contain grain sizes from cobbles to clay (Ono & Plink-Björklund, 2018), similar to 

those described in other coarse-grained turbidite outcrop datasets that expose a large range of grain 

sizes (e.g. Lowe 1982; Massari 1984; Ito & Saito, 2006; Postma et al., 2009; Ito, 2010; Ito et al., 

2014; Postma et al., 2014). Specific aspects of the experimentally produced sedimentary structures A
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and their potential implications for outcrop interpretations are discussed below. However, the long 

term aggradating environments commonly observed in the deltas (e.g. Lang & Winseman, 2013; 

Slootman et al., 2019) are not considered here. Synthetic aggradation (Cartginy et al., 2014) would be 

needed to reproduce systematically climbing bedforms.

Lateral sedimentary structure variability and bedform stability fields

Despite the constant discharge and the dominance of cyclic steps, the experiments produced a wide 

range of sedimentary structures that range from low-angle undulating laminations to systematic 

backsets to ‘scour and fill’ structures as well as to mounds and wedges. This is in contrast to some 

previous hypotheses that suggest a prevalence of systematic backsets with reworking into scour and 

fill structures (e.g. Hage et al., 2018), or that low-angle undulating bedforms specifically indicate 

antidune deposition (e.g. Fielding, 2006). The present results rather support that a large variety of 

sedimentary structures  can be produced from upstream migration of cyclic steps (see also Ito & Saito, 

2006; Ito, 2010; Ito et al., 2014; Postma et al., 2014; Lang et al., 2017; Ono & Plink-Björklund, 2018), 

as a function of hydraulic jump size, migration rate and sediment calibre. The experiments show that 

plane beds and low-angle undulating beds form lateral to hydraulic jumps, coeval with the accretion 

of backsets, sigmoidal mound strata or scour and fill laminae (Figs 5, 6, 9B and 10B), rather than due 

to changes in overall flow regime.  At the limited outcrop, these experiments thus caution against 

attempting to link specific outcrop sedimentary structures to specific supercritical flow bedform 

stability conditions, and support the notion that antidunes, unstable antidunes, chutes and pools and 

cyclic steps are mutually transitional bedforms (see Cartigny et al., 2014 and Fedele et al., 2016). 

However, the proportional dominance of steep backsets and deep scour fills over extensive outcrops 

can be used for identification of sustained occurrence of hydraulic jump and thus cyclic step bedforms.

The lateral sedimentary structure variability in such as those transitional bedforms is also 

common in the Juncal Formation and the La Jolla Group (Fig. 16). The conglomeratic deposits 

display complex amalgamated erosionally bound lenses with foreset and backset bedding, mound 

shaped and wedged-shaped gravels (Fig. 16A to C), as well as systematic backsets (Fig. 16D). 

Normal grading from cobble or pebble conglomerate to sandstone also occurs on tens of centimetres 

to a metre scale above basal scour surfaces (Fig. 16E). In places even disorganized conglomerates are A
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observed encased in organized conglomerates in scour fills, (Fig. 16F) similar to the gravitationally 

emplaced gravels in the experiments (Fig. 9C). Loading structures are recognized as a few metres 

deep irregular-shaped concave-up surfaces (Figs 12 and 16A). These sedimentary structures are 

similar to a variety of deposits produced in these experiments (Figs 9, 10 and 12) and display the 

characteristic lenticular shapes with upstream and downstream inclined surfaces, bounded by the 

master erosion surface formed by the passage of hydraulic jumps (Fig. 5B). The experiments also 

explain the common occurrence of flat or step-wise erosion surfaces (Fig. 16G), as a function of 

hydraulic jump migration rate and size.  

Froude supercritical flow structures are commonly referred to as low-angle cross-strata (e.g. 

Fielding, 2009), in order to contrast with high-angle (up to 30°) dip of cross-strata produced by dunes 

or ripples (see also Alexander et al., 2001). The experiments herein produced some cross-strata that 

are relatively steep and have dip angles of up to 20°, similar to the experiments of Alexander et al. 

(2001). It is thus important to consider other differences in supercritical and subcritical flow cross-

strata, such as that the here experimentally produced steeper supercritical flow cross-strata occur as 

erosionally bound lenses or wedges, or mounds that display both foresets and backsets, or 

asymmetrical scour fills with upward flattening of strata (Figs 5 and 6). In contrast, subcritical flow 

cross-strata occur as consistent cross-sets, and are thus most similar to the here produced consistent 

backsets (Figs 9D and 13B). 

These experiments further highlight the ambiguity of interpreting structureless strata (see also 

Postma et al., 2009, in case of uniform grain sizes). Run 2 with fine sand only produced seemingly 

structureless strata formed by layer by layer stratification (run 2 in Fig. 3) rather than by en masse or 

freezing deposition, such as from a laminar flow (Talling et al., 2012) or from traction carpets (Sohn 

1997; Postma et al., 2014).      

Sedimentary structure hierarchy

There is more than an order of magnitude variation in the size of the documented hydraulic jumps and 

their consequent erosion surfaces (for example, scour depth and width) (Figs 4 and 8, see also 

discussion in Lang et al, 2017), despite the constant discharge. The experimental scour size varies 

from a few centimetres to 15 cm deep (Figs 5, 6 and 8).  Similar, order of magnitude variability in A
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scour size is observed in the Juncal Formation and the La Jolla Group, where scours range from a sub-

metre scale to more than 20 m deep (Fig. 17). The larger scours could easily be interpreted as 

channels rather than mesoforms (bedforms), and interpreted to reflect boundary condition changes 

(for example, waning flow) rather than as a single scour and fill structure produced at a steady 

discharge. For comparison, the channel size in the Juncal Formation and the La Jolla Group ranges 

from 30 to 90 m deep and 300 to 800 m wide.

Another example of hierarchical scale relationships of sedimentary structures is, for example, 

on Figs 5A and 6A that show several 60 cm to a metre long scours, with a few to 10 centimetre long 

coarse sand to gravel lenses, all formed by the passage of a hydraulic jump (Figs 9A and 10A).  It is 

interesting that similar scale differences with a few tens of centimetres thick undulating convex-up to 

hummock-like structures on a few hundred metre sediment waves, were instead interpreted as smaller 

subcritical flow sedimentary structures on the larger supercritical flow structures in outcrops of 

channel-lobe transition zone (Hofstra et al., 2018). 

Lateral and vertical grain-size variability

The experiments produced a high degree of lateral and vertical grain-size variability, because the 

coarse sands and gravels occur as mounds, lenses and graded intervals above major scour surfaces. 

Such occurrence of conglomerates above erosion surfaces in overall upward fining units (Figs 5 and 

6) can easily be interpreted as channels or channel stories when up-scaled to outcrop, and linked to 

processes like channel initiation and backfilling. The experiments show that conglomerates are likely 

to occur above major erosion surfaces because of their rapid fallout rates just downstream of the 

hydraulic jumps, when they are re-suspended by hydraulic jump erosion, whereas sands are 

transported further. It is the upstream hydraulic jump migration that produces upward fining trends. 

Normal grading from gravel to sand was produced in experiments with clay and thus suggest an 

additional control on graded beds other than the sediment fallout rates. The Juncal Formation and La 

Jolla Group outcrops commonly display numerous examples of conglomerates laterally and vertically 

interbedded with sandstones as well as with siltstones (Figs 16 and 18), as well as upward fining 

trends (Fig. 17). Stratigraphic complexity is further enhanced by the lateral and temporal variability in 

hydaulic jump size (Figs 5A and 6A).A
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The experimentally produced upward-fining patterns are notably similar to the classical 

coarse-grained turbidites interpreted as waning flow deposits (e.g. Lowe, 1982; Massari, 1984; Mutti, 

1992; also Bouma Ta facies of Bouma, 1962). This similarity was previously discussed by Postma et 

al. (2009; 2014), where these upward fining patterns are also linked to cyclic step migration. The 

idealized vertical successions of the classical coarse-grained turbidity current deposits (e.g. Lowe, 

1982; Massari, 1984, Mutti, 1992) is also similar to the internal facies transitions from gravelly 

structureless to scour-fill facies and to more laminated sandier facies. The experiments herein suggest 

that such transitions could be linked to the migration of various-sized hydraulic jumps (Figs 6A, 6B 

and 13A), in addition to the previously proposed mechanism of single hydraulic jump migration and 

traction carpet formation (Postma et al., 2009; 2014). The hydraulic jump instabilities together with 

the variability in upstream eroded sediment calibre then determine the specific types of facies, such as 

crudely stratified gravels or coarse-tail graded facies (Fig. 12D and outcrop example in Postma et al., 

2009), or inversely graded facies (Fig. 6C and outcrop example in Sohn, 1997), as well as the 

bounding erosion surfaces and facies stacking pattens (Figs 3, 5A and 6A and outcrop example in 

Postma et al., 2014), and the sharp grain-size shifts (Fig. 12D and outcrop example in Massari, 1984). 

Furthermore, the common downstream fining trends described from outcrops (e.g. Massari, 1984; 

Mutti 1992), and interpreted as downstream waning flow condition (e.g. Mutti et al., 2003), can also 

be linked to stepwised downstream gravel transport, which forms heterolithic but overall downstream 

fining trends in the experimental deposits (Figs 5A and 6A).

This study also observed downstream fining on individual bedforms scale, such as in gravelly 

mounds and lenses (for example, Figs 9 and 10). This grain-size trend may prove a useful flow 

direction indicator, because palaeocurrent measurements from supercritical flow deposits are 

ambiguous due to the presence of both foresets and backsets, as well as due to scour and fill structures 

that may be confused with a flow-perpendicular view of trough cross-strata. 

Froude supercritical flow cyclic-steps in turbidity currents versus open channel flow regarding 

their flow processes and experimental setups

Although the experimental deposits were produced under open channel flow conditions, their 

similarity to the outcrop turbidity current deposits, but also to river deposits (see e.g. Wang & Plink-A
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Björklund, 2019; Zellman, 2019), is striking. According to the numerical models, flume experiments 

and direct turbidity current observations, Froude supercritical turbidity currents and open channel 

flow demonstrate similar bedform migration when forming cyclic steps (e.g. Sequeiros et al., 2010; 

Fedele et al., 2016; Hughes Clarke, 2016; Vellinga et al., 2017). 

Viewing the subcritical flow bedforms in fluvial environments (e.g. Allen, 1982), bedload 

transport takes a significant role in the morphodynamics of the bedforms. This aspect is quite different 

from turbidity currents that are considered to be dominated by suspension transport. However, the 

open channel supercritical-flow flume and numerical experiments (Cartigny et al., 2014; Vellinga et 

al., 2018; this study) (Fig. 3 runs 2, 4 and 5; Fig. 5) exhibit significant suspension transport with a 

substantial sediment-concentrated layer at the basal part of the flow, potentially affecting the 

formation mechanism of supercritical flow bedforms. Furthermore, recent studies (Hughes Clarke et 

al., 2016; Symons et al, 2017; Paull et al., 2018) demonstrate that the modern sandy turbidity currents 

produce a dense basal layer that could be formed by a mixture of bedload and suspended load. This 

leads the authors to assume that flow dynamics are similar in supercritical turbidity currents and open 

channel flow.  

There is also a feasibility issue with the turbidity current experiments, because in order to 

suspend sands the flow needs an extensive setup. Only the experiment by Jorristma (1973) has 

managed to produce cyclic steps in sandy turbidity currents in a flume that was over 30 m long. It 

would be challenging and costly to operate such facilities, and the flow cannot be maintained on a 

timescale that enables observation of the migration and transition of the bedforms.  

Therefore, the experimentally observed processes of open channel flow are here compared to 

the turbidite deposits (as was also previously done by, for example, Postma et al.  2014). However, 

the authors do acknowledge that the turbidity current and open channel flow regimes may not be 

completely consistent, such as suggested by the Fedele et al. (2016) experiments where supercritical 

density flow deposits contained ripples and dunes, further adding to the complexity of sedimentary 

structures formed by supercritical flows.
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Comparison to coarse sediment transport in modern channels

Some modern sea floor bedforms documented in submarine channels, and interpreted as of Froude 

supercritical flow origin, have been shown to migrate less than one bedform wavelength per flow 

event (Smith et al., 2007; Conway et al., 2012; Normandeau et al. 2014; Hizzett et al., 2017). This 

intermittent, and thus slow, migration of the bedforms and the experimental observations that coarse 

clast are deposited just downstream of the first hydraulic jump seem to imply that most gravel in each 

scour entered the system during the same event, and that these gravel clusters propagate downstream 

at a very slow rate of about one bedform-length per event. Such scour confined gravels have been 

observed in the scour axis, with a discrete change to a sand dominated succession on the bench inside 

the active conduits of submarine channels (Paull et al., 2010). However, the stepwise migration might 

only apply during relatively low-density flows, because the recent observations of Paull et al. (2018) 

have shown that during high-density events clast-like instruments can be transport down the channel 

for kilometres. The latter may be further corroborated by the fact that the shear stresses in the 

experimental setting are likely considerably lower than in high-density flow conditions.

Mud deposition from supercritical flow

One of the key outcomes of the here documented experiments is that silt and clay can be deposited at 

hydraulic jumps, as matrix or layers, without a general waning of the flow or boundary condition 

changes, expanding the dynamic deposition of mud to supercritical flow conditions. The Juncal 

Formation and La Jolla Group outcrops also display a variety of fine-grained deposits in scour and fill 

structures, tens of metres deep, that consist of sandstone to pebbly granule lenses overlain by 

siltstones and fine sandstones (Ono & Plink Björklund, 2018; Fig. 18A and B). The scour and fill 

structures occur as erosionally based, multi-scaled (0.1 to 20.0 m deep and a few metres to 30 m 

wide) scours, in places with basal sandstone or conglomerate lenses, 0.1 to 0.3 m (up to 2.0 m) thick 

and 10 to 20 m wide, and dominated by convex-up low angle laminations and scour and fill structures. 

These scour and fill structures are similar to the multi-scaled scour and fill structures produced by 

experiments, where coarser deposits occur along basal broad scour surfaces and are overlain by 

considerably finer grained deposits composed of fine-grained sand, silt and clay. (Figs 13 and 18C).  
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CONCLUSIONS

In contrast to previous experiments this study shows that cyclic steps can produce more complex 

laminations and sedimentary structures than consistent backsets, including undulating planar to 

upstream and downstream dipping laminae. These experiments indicate that these sedimentary 

structures are strongly controlled by the transient hydraulic jump size, stability and migration rate, 

suspension transport and grain-size calibre, and the substrate cohesion. Larger hydraulic jumps tend to 

form more variable sedimentary structures than smaller hydraulic jumps which mostly form 

undulating laminations. Stable migration of large hydraulic jumps forms flat erosion surfaces and 

consistent backsets, and unstable migration forms uneven scours and different erosionally bound 

‘scour and fill’ structures. Gravels in these conditions are deposited as lenses and mounds. Passage of 

multiple hydraulic jumps erodes previous bedforms partially or completely and re-deposits the 

sediments at or downstream of the jump. Gravels are deposited at the very edge of the hydraulic jump 

and sands further downstream due to differences in their settling velocity. This segregation produces 

downstream fining in some gravelly bedforms, as well as upward fining with upstream migration of 

the hydraulic jump. Cohesive substrates induce loading and sliding of gravels into the scour centre, 

producing low-angle gravel lenses overlain with finer-grained deposits. These gravel lenses encased 

in finer-grained deposits display a heterolithic appearance. This resultant lateral and vertical grain-

size variability in the sedimentary structures is consistent with the fact that similar structures in the 

outcrops are formed by the cyclic step migration rather than changes in overall flow conditions. 
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Fig. 1 (A) Diagram of the experimental flume, Eurotank, Utrecht University, Netherlands. 

(B) Photograph of the flume, where the main observation panel 6 is shown by a red outline.  

Fig. 2. Experiment grain-size distribution. In different runs medium to coarse sand, gravel, 

silt and clay were added to the original fine-grained sand (see also Table 1): vf – very fine; f 

– fine; m – medium; c – coarse; vc – very coarse; S – sand; G – gravel.  

Fig. 3. Summary of experimental runs with different grain sizes. Laminations are not 

visible in run 2 due to the very uniform grain size (fine sand). Run 4 produced visible 

laminations due to the added medium and coarse sand (m-c sand). Run 5 produced even 

clearer laminations as gravel was added. Adding silt in runs 6 to 9 and kaolin in runs 10 

and 11 produced subtle laminations and soft sediment deformation, unless coarse sediment 

was added also (runs 9 and 11). This paper focuses on runs 5, 9 and 11.  

Fig. 4.  Froude number time series (left) and distributions (right) at a fixed position from 

the reference run 2 (A) as compared to runs 5 (B), 9 (C) and 11 (D), measured at a fixed 

position at the upstream end of panel 6. 

Fig. 5. (A) The upstream panels 3, 4 and 5 of run 5 with fine sand, medium to coarse sand 

and gravel, 48 minutes after the start of feeding coarse sediment. (B) Close-up of panel 4 

showing four types of gravel lenses: mound-shaped, wedge-shaped and amalgamated lens-

shaped structures, and consistent backset. 

Fig. 6. (A) The upstream panels 3 to 5 during run 9 with fine sand, silt, medium–coarse 

sand and gravel, 33 minutes after start of feeding sediments. (B) Close-up of panel 4. The 

upper deposit interval is dominated by planar to weakly undulating laminae. There are 

some loading structures in the centre of the photograph. The lower interval is dominated by 

larger ‘scour and fill’ structures. Gravel forms elongated lenses on scour surfaces. (C) 

Downstream dipping mounded gravelly bedform, forming a sigmoidal shape draping the 

scour surface in panel 3.  

Fig. 7. (A) The main observation panel 6 during run 9, with fine sand, silt, medium to 

coarse sand and gravel,. (B) Grain size distributions of runs 4, 9 and 11. The samples were 

taken from the basal ‘scour and fill’ deposits. (C) Panels 4 and 5 during run 10 display 

fluidization of the scour surface of the hydraulic jump due to sediment cohesion.  

Fig. 8. Comparison large and small hydraulic jumps in run 5, (A) as defined by the water 

surface difference upstream and downstream of the hydraulic jump related Froude number 



upstream and downstream ratio (for example, Fr1/Fr2) and range (for example, Fr1–Fr2), 

and (B) identified in panel 6.  The large hydraulic jump HJ1 has a Froude number ratio of 

approximately 13 and water depth difference of 18.5 cm, whereas the small hydraulic jump 

HJ2 has a Froude number ratio of approximately 3 and water depth difference of 2.6 cm. 

Fig. 9. Morphodynamics of run 5. (A) Series of photographs of the panel 6: t – duration from 

the start of the photographic series; T – duration from the start of run, T1 = 3828 s, T2 = 

3834 s, T3 = 3852 s, T4 = 3968 s , T5 = 4206 s and T6 = 4244 s. (B) Time lapse sediment 

surfaces of T = 3968 s from photograph t 4 (A). (C) Mounded gravel bedform close-up image 

from photograph t4 (A). (D) Consistent backset close-up image from photograph t6 (A). (E) 

Froude number time series at the upstream end of panel 6. Bedform formation window is 

shown by a black arrow. A larger hydraulic jump (HJ1) eroded the substrate and was 

stationary. A smaller hydraulic jump (HJ2) eroded less and migrated quickly. The second 

larger jump (HJ3) eroded the substrate but migrated at a less stationary rate than HJ1. 

Fig. 10. Morphodynamics of run 5. (A) Series of photos of the panel 6: t - duration from the 

start of the photographic series; T – duration from the start of the run, T1 = 9042 s and T11 

= 9080 s. (B) Time lapse sediment surfaces of T = 9144 s. (C) Close-up photograph of 

amalgamated lenticular gravel bedform from photograph t = 38 s. (D) Froude number time 

series at the upstream end of panel 6. Bedform formation window is marked by a black 

arrow.  

Fig. 11. Morphodynamics of run 9 with silt. Series of photographs of panel 6 capture the 

migration of the hydraulic jump downstream (A), within (B) and upstream(C) of panel 6. 

(D) Close-up of silty laminae formed during the passage of the hydraulic jump in (C). 

Fig. 12. Morphodynamics of run 11. (A) Series of photographs of panel 6: t – duration from 

the start of the photographic series; T – duration from the start of run, T1 = 3066 s, T2 = 

3078 s, T3 = 3088s , T4 = 3114 s and T5 = 168 s, T6 = 3450 s , T7 = 3466 s and T8 = 3568 s. 

(B) Time lapse sediment surfaces from t8 (A) .The time lapse surfaces are not clearly 

identified in the deposits with uniform grain size. (C) Annotated sedimentary structures 

from t8 (A).  (D) Close-up photograph from t5 (A) shows normally graded gravel-rich lenses 

and overlain by diffusely laminated fine-grained sands. (E) Snapshot from t3 (A) shows 

significant upward surge inside the hydraulic jump forming a momentary flame-like 

structure on the substrate. (F) Froude number time series at the upstream end of panel 6. 

Bedform formation window is marked by a black arrow.  



Fig. 13. Summarized sketches demonstrate the sedimentary structures and bedforms from 

runs 5 and 11. (A) Sketch from run 5 (Fig. 5). (B) Sketch from run 5 (t6 of Fig. 9A). (C) 

Sketch from run 11 (t7 of Fig. 12A).  

Fig. 14.  Time (seconds) versus distance (centimetres) cross-plot of the hydraulic jumps 

from the downstream end of panel 6 demonstrating how hydraulic jumps move upstream. 

(A) Plots from runs 2, 5, 9 and 11. (B), (C) and (D) Comparison plots between runs 2 and 5, 

2 and 9, and 2 and 11, respectively. Larger markers indicate migration rates of large 

hydraulic jumps. (E) Example of how the hydraulic jump was traced and the time and the 

distance are plotted.  

Fig. 15. Relationship between migration rate and hydraulic jump trough size.  

Fig. 16. Examples of sedimentary structures from gravelly slope channel deposits (see Ono 

& Plink-Björklund, 2018). (A) Lenticular and amalgamated deposits composed of 

conglomerate and sandstone exhibiting complex bedsets containing foresets and backsets, 

Juncal Fomation. (B) Complex wedged shape conglomerates and sandstones, La Jolla 

Group. (C) Mound shaped conglomerate with foresets and backsets, La Jolla Group. (D) 

Consistent backsets in conglomerates, La Jolla Group. (E) Normally graded cobble 

conglomerates that fine upward into sandstone with scour and fill structures, La Jolla 

Group. (F) Disorganized conglomerate encased by organized conglomerate in a scour fill. (G) 

A step-like erosion surface filled by foresets of conglomeratic sandstone, Juncal Formation.  

Fig. 17. A few to ten metre deep scours in the La Jolla Group. 

Fig. 18. Comparison of experimental deposits to fine-grained heterolithic channel deposits 

of the Juncal Formation (see Ono & Plink-Bjorklund, 2017) to experimental deposits. (A) 

Scour and fill structures, 0.1 to 2.0 m deep and a few to 10 m wide. (B) Cross-cutting scour 

and fill structures, a few to 5 m deep and 10 to 30 m wide. (C) Annotated photograph of 

panel 6 from run 11 (see also Fig. 12) exhibiting multi-scaled scour and fill structures with 

basal coarse-grained sands: T – duration from the start of run 11.  

Table 1. Conditions for individual experimental runs. * Bold letters show 50th percentile of 

the flow depth from detailed image analysis (see Cartigny et al., 2014). The other values 

(0.05 cm) are the initial set depths at the specific location of panel 5. **Volume percentage 

to the total water volume in the flume. 



Table 2. Summarized process and depositional or erosional response regarding the 

migration and the size of hydraulic jump and the presence of clay.  

 

 



Added
In the water of 

the flume
Out

1 145 1 hr 57 min Low

2 145 1 hr 53 min High

3 145 3 hr 27 min Coarse sand 50 kg – 50 kg Low

4 145 4 hr 46 min Coarse sand 100 kg – 100 kg High

5 145 5 hr 42 min
Coarse sand 50 kg, 

Gravel 50 kg
– 100 kg High

6 145 1 hr 46 min

Silt 50 kg (3.4%)**,  

Coarse sand 25 kg, 

Gravel 25 kg

Ca  3.4% silt

50 kg; and most 

silt washed out 

when water was 

drained

High

7-1 No sampling 1 hr 58 min Silt 100 kg (6.6%) Ca  6.6% silt – Low

7-2 No sampling 32 min – Ca  6.6% silt – High

7-3 No sampling 2 hr 40 min Silt 50 kg (3.4%) Ca  10.0% silt – Low

7-4 No sampling 1 hr 26 min – Ca 10.0% silt – High

8-1 No sampling 1 hr 54 min Silt 100 kg (6.6%) Ca  16.5% silt – Low 

8-2 No sampling 1 hr 49 min – Ca  16.5% silt – High

9 141 4 hr 55 min
Coarse sand 50 kg, 

Gravel 50 kg
Ca  16.5% silt

100 kg; and most 

silt washed out 

when water was 

drained

High

10-1 No sampling 26 min Kaolin 3kg (0.2%) Ca  0.2% kaolin – Low 

10-2 No sampling 25 min – Ca  0.2% kaolin – High

10-3 No sampling 56 min Kaolin 4.5kg (0.3%) Ca  0.5% kaolin – High

10-4 No sampling 22 min – Ca  0.5% kaolin – Low 

10-5 No sampling 58 min Kaolin 52.5 kg (3.5%) Ca  4.0% kaolin – Low 

10-6 No sampling 1 hr 40 min – Ca  4.0% kaolin – High

11 142 6 hr 50 min
Coarse sand 50 kg, 

Gravel 50 kg
Ca  4.0% kaolin – High

Reference run (only fine-grained sand), no sediment added.

Run

Medium 

grain size 

(μm)

Duration

Sediment

Reference run (only fine-grained sand), no sediment added.

Discharge 

type



47 0.05 0.48 0.544 0.78

52 0.045 0.48 0.669 1.01

49 0.05 0.48 0.567 0.81

52 0.05 0.48 0.602 0.86

53 0.054 0.48 0.568 0.78

54 0.05 0.48 0.625 0.89

51 0.05 0.48 0.59 0.84

56 0.05 0.48 0.648 0.93

51 0.05 0.48 0.59 0.84

56 0.05 0.48 0.648 0.93

50.5 0.05 0.48 0.584 0.83

53 0.05 0.48 0.613 0.88

51 0.048 0.48 0.615 0.9

46 0.05 0.48 0.532 0.76

56 0.05 0.48 0.648 0.93

56 0.05 0.48 0.648 0.93

46 0.05 0.48 0.532 0.76

46 0.05 0.48 0.532 0.76

56 0.05 0.48 0.648 0.93

56 0.061 0.48 0.531 0.69

Flow depth

(m)*

Flow width

(m)

Average flow 

velocity (m/s)

Froude 

number (g = 

9.8 m/s2)

Average 

discharge　

m
3
/h



Process

Hydraulic jump migration rate slows

Unstable migration with repeated changes in migration 

rate

Slumping on steep downstream scour face

Deposition downstream of hydraulic jump scour

Stable migration of hydraulic jump

Hydraulic jump stable scour infilling 

Hydraulic jump shallow scouring

Cohesive substrate

Reduced erodibility due to enhanced yield strength 

Effect of clay on flow rheology

Presence of clay

Unstable migration of large hydraulic jumps

Hydraulic jump scour infilling

Stable migration of large hydraulic jumps

Small hydraulic jumps



Depositional or erosional response

Deep scours with steep upstream and downstream faces (Fig. 13A)

Stepwise erosion surfaces with flat and scoured stretches (Fig. 13C)

Steep upstream or downstream dipping strata in scour fill or upward flattening 

scour fill strata (Fig. 13A)

Upward fining basal fills (Fig. 6C)

Structureless or internally deformed gravel lenses (Fig. 13A)

Low-angle long-wavelength planar and convex-up strata with diffuse laminations 

(Fig.13B)

Flat erosion surface (Fig. 13B)

Consistent backsets (Fig. 13B)

Low-angle undulating laminations (Fig. 13A)

Gravel lenses with deeply loaded base (Fig. 13C)

Shallow stretched scours (Fig. 13C)

Frequent normal grading in basal scour fill (Fig. 13C)

Presence of clay

Unstable migration of large hydraulic jumps

Stable migration of large hydraulic jumps

Small hydraulic jumps
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used for original
 fill of the flume 

Medium to coarse sands (D₅₀=428) 
added in runs 3, 4, 5, 6, 9 and 11.

Kaolinite clay( D₅₀=3.3)
added in runs 10 and 11. 

Gravel (2-3mm)
added in runs 5, 6, 9 and 11

Silt (D₅₀=31)
added in runs 6, 7, 8 and 9.
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Run2

Run4

Run5

Run6

Run7-4

Run11

Run10-6

Run9

Run8-2 Weak silty lamination

Clear sand to gravel and silt laminations

No visible laminations

Weak sand laminations

Clear sand to gravel laminations

Subtle silty sand to gravel laminations

Subtle silty laminations

Subtle laminations

Clear sand to gravel graded laminations with 
irregular loading and shallower scours

Loading structure

Silty laminae

Silty laminae

Deposit containing Kaolin

Deposit of pre-run
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Large unstable hydraulic jump 

Large stable hydraulic jump Large unstable hydraulic jump Transitional hydraulic jump
Stepwise erosion surfaces with flat and scoured stretches

Normal gradingShallow and long scour

Loading

Scoured irregular erosional surface

10 cmScour-and-fill with upward flattening laminae and foresets and backsets
Deep scours with steep up- and downstream faces

Structureless or internally deformed gravel lenses 
(Amalgamated lens-shaped structures)

Amalagamated to wealky laminated deposits

Loading stucture

 Diffuse lenticular lamination

 Flat erosional surface
Wedge-shaped stucture

 Consistent backsets

Wedge-shaped structure

Mound-shaped structures

Low angle convex and concave-up or planar surfaces

Small hydraulic jump 
A

B C

10 cm
10 cm

Low angle convex and 
concave-up or planar 
lamination

Undulating laminations with internal grading coarse-grained sandy to gravely grading deposits
clay dominated deposits

gravelly grading deposits
gravelly deposits

gravelly deposits

Unstable stepwised migration

Flow
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