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Introduction
Outline
This chapter gives background, rationale and objectives of a study on the morphodynamics
of supercritical turbidity currents. First, turbidity currents and their associated deposits
are introduced by a general historical overview, on the basis of which the problem studied
here is formulated. An overview of the methodological approaches and their results of
this problem are given and leads to the rationale and objectives of this study. Finally an
overview of the chapters in this thesis is presented.

1.   General historical overview
1.1.  Telegraph cables, submarine canyons and
turbidity currents

Oceans floors were long considered to be just a
cemetery for death organisms settling from surface
waters, and protected against abrading surface
processes by thick cushions of still water (Maury,
1855). An extensive collection of bottom-grab
samples collected by the Challenger Expedition
(1872-1876) confirmed this idea (Stow, 2001).
Spontaneous breaking of submarine telegraph
cables later that century, however, was not
consistent with the idea of a quiet ocean floor.
Milne (1897) collected times and locations of
broken telegraph cables and showed pictures of
retrieved snapped cables. The images of broken
cables showed evidence of violent breaking
associated with extensive abrasion (Fig. 1). This
yielded interesting new insights into the processes
on the ocean floor; clusters of cables tended to
break at times often coinciding with seismic
activity around specific areas where submarine
canyons incise the continental slope.
In the decades before Milne’s work, submarine canyons had been discovered by soundings of
Dana (1863) and Davidson (1887; see also Shepard & Dill, 1966 and references therein). These
submarine canyons are steep-sided valleys incised
in continental slopes and can extend over hundreds of kilometres off the coast. They often oc-

cur at locations where large rivers enter the sea.
Such submarine canyons were initially interpreted
as submerged river valleys (Dana, 1890). However, the depth to which the canyons extend are
out of reach of any imaginable sea-level fall. At the
start of the 20th century dredging showed typical
shore sands to extend into the head of submarine
canyons, which led Smith (1902) to propose that
ocean currents might be responsible for the transport of the sand to and through submarine canyons.
The combination of the mysterious formation of submarine canyons, the cable breaking,
and the transport of sand away from the shore led
to the assumption of strong bottom currents flowing away from the shore. Davis (1934) proposed
such current to be the result of a water surplus near
the coast due to incoming ocean waves, thereby
triggering offshore directed bottom currents. Although this could explain the initiation of such
bottom currents, it did not clarify why such currents continue to flow down the continental slope
over long distances.
Daly (1936) extended Davis’ theory and
proposed that the return flow, due to wave-induced
water build-up, likely carried sediment that was
suspended into the water column by the agitation
of wave action. He referred to the work of Forel
(1892), who observed trenches cut into lake floors
by cold, muddy river water that upon entering a
lake continued flowing over the lake floor. In ad1
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dition to temperature differences, suspended mud
further increases the density of river water above
that of the surrounding lake water allowing gravity to pull on the excess density while submerged
in the lake water. The sediment particles would be
prevented from settling by turbulence generate in
the flow. Daly’s hypothesis was validated experimentally by Kuenen in the following year (Kuenen, 1937). Kuenen built a scale model of a submarine canyon on a continental slope and released
a mixture of clay and water in the shallow part of
the model, after which the mixture was observed
to flow down the continental slope following the
submarine canyon. While flowing down, the current was capable to erode the underlying sediment,
thus yielding first evidence that such density driven
flows may indeed erode submarine canyons. Johnson (1938) introduced the generic term ‘turbidity
current’ for such turbid flows driven by the weight
of the suspended sediment.
Two years after the introduction of the term
‘turbidity current’, further exploration of the ocean
floor led to another discovery. Bramlette & Bradley (1940) documented sandy deposits at the feet
of submarine canyons, instead of the usual mixture of settled clay and organisms, thus gathering
more evidence to the existence and continuation
of turbidity currents flowing down the continental
slope. During the early fifties, Heezen and Ewing
(1952) looked in detail into the 1929 earthquake-

Fig. 1; A-B) Examples of broken submarine telegraph cables
as they were retrieved to the
surface off coast of Brazil (top)
and Mexico in 1888 (bottom).
C) The map shows a typical
relation between clusters of
breaking cable and a submarine canyon off the coast of Ecuador. All images are modified
from Milne (1897).

related breaking of cables off the coast of Newfoundland. They observed that cables broke later
as they were located further from the coast. They
deduced that a turbidity current had been initiated
during the earthquake and moved off shore leaving
a trace of broken cables. By comparing distance
and time between cable breaks, a first estimate of
a turbidity current’s velocity showed velocities up
to 70 km/h. Currents with such velocities are well
capable of transporting large amounts of sediment
from the shallow continental shelf to fans on the
ocean floor, while carving canyons along the steeper parts of their trajectories.
As the turbidity current concept developed,
further thoughts were given to the continuation of
turbidity currents after reaching the end of submarine canyons, where the slope of the ocean floor is
strongly reduced and turbidity currents thus lose
their driving force. This led to the idea of submarine deltas, where turbidity currents disperse into
branching channels after leaving the submarine
canyon; upon decelerating and their suspended
sediment deposit on the ocean floor in the form of
fans (Kuenen, 1951; cf. Fig. 2).
Menard (1964) studied channel morphologies beyond the distal end of canyons and found
that submarine channels that continue from the
canyon mouth (Fig. 2) become progressively deeper in the direction of the flow due to increasing
height of the levees, thereby indicating a thicken-
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ing of the flow downstream. He interpreted this
thickening to be the result of the turbidity currents
going through a hydraulic jump. Hydraulic jumps
are associated with increases in flow thickness, since
they form the transition between fast and shallow
(supercritical) flow sections and slower and thicker
(subcritical) flow sections. This was the first evidence of turbidity current flowing supercritically
through the proximal sections of submarine systems (canyon and proximal channels). This idea
was worked out in more detail by Komar (1971),
who on the bases of theoretical reasoning came to
the conclusion that turbidity currents are indeed
likely to be supercritical while flowing down the
continental slope.
1.2.   Turbidity currents in the rock record

Fossil ocean floor deposits outcropping in the rock
record allow studying turbidity current deposits in
detail. Commonly, such deposits show alternations
of sandstone beds and shale intervals (Fig. 3A).
Long ago Studer (1827) introduced the term
“flysch” for such alternating deposits, although
then the associated processes forming the deposit
were not yet understood (see the review by Mutti
et al., 2009). Individual sandstone beds consist of
a typical vertical sequence: sharp based massive
sandstone grading into parallel bedded deposits
followed by minute cross bedding overlain by clay
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(Sheldon, 1928). In the past a variety of possible
causes have been proposed for such alternating
deposits, such as oscillating tectonic movements,
relative sea-level changes over short time scales
(Vassoevich, 1948; cit. Mutti et al., 2009) or
seasonal changes in shallow water current strength
(Sheldon, 1928).
Meanwhile in the early thirties, deep-sea
fossil assemblages were documented in sandy and
conglomeratic deposits in Plio-Pleistocene outcrops of Hall Canyon (Natland, 1933), indicating that the sand had been deposited in a deep
marine setting. Although sandy and conglomeratic deep-sea deposits were a controversial result,
Natland did not comment on it and neither did
the scientific community (Walker, 1973). Signorini (1936; cit. Mutti et al., 2009) was the first to
recognise “flysch” deposits as deep-water deposits. Migliorini (1943; translated by Ricci-Lucchi,
2003) interpreted the graded sandstone beds with
well-defined vertical grain size trends as shore
sediments remobilised and transported by a heavily loaded turbid plume. Later, Migliorini (1946;
cit. Walker, 1973) noted that macroforams were
found in their original position in the fine-grained
intervals of sandy deposits and that reworked ones,
mostly shallow water fauna, were associated with
coarse-grained deposits, pointing to a dynamic

Fig. 2: Three examples of modern day active submarine systems. A) The Monterey Submarine Canyon of the coast of California (image of MBARI, USGS) and B) the two largest present day active fans (in gray): Indus and Bengal submarine fan
(Heezen-Tharp mapping project). In the north the branched channel network, responsible of the distribution of the sediment
over the fan, are visible.
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Fig. 3; A) Alternating sandstones (lighter colour and sticking out) and shales (darker colour) typical for turbidity current
deposits, Tabernas basin, Southern Spain (Image courtesy of Carsten Elfenbein). B) Proximal turbidity current deposits are
characterised by scours filled with structureless to crudely-banded deposits (George Postma for scale, image courtesy of Carsten
Elfenbein).
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Fig. 4; Collections of models that describe vertical sequences from the rock record associated to turbidity currents and debris
flows (F1 & F2) in proximal submarine systems.

and energetic depositional process for the latter.
Kuenen & Migliorini (1950) combined
their process and field knowledge and concluded
that individual sandstone beds are the result of a
single turbidity current. Decreasing flow velocities of turbidity currents would trigger a sediment
overload leading to settling of the coarsest particles
first. This relation between the normal-graded, i.e.
upward fining, sandstone beds and turbidity currents was worked out in detail by Kuenen’s student
Arnold Bouma. In line with the previous observations of Sheldon, Bouma (1962) distinguished five
typical intervals within a turbidite sandstone-shale
couplet: a) graded structureless interval, b) parallel
lamination, c) current ripple lamination, d) fine
parallel lamination and e) a mud-dominated interval (Fig. 4). Bouma explained the different intervals to be due to decreasing flow energy and lateral
segregation of grain sizes within the turbidity current, where the coarse grains would concentrate at
the head of the flow and the fine grains at the tail,

leading to an overall vertical fining grain-size trend
in the deposits. The Bouma sequence has proven
to be a very useful tool for interpreting sandstone
beds deposited on submarine fans. More proximal
fan deposits are often dominated by graded massive (structureless) sandstones and intervals of parallel lamination (Ta-b), while distal beds lack these
intervals and are often characterised by an interval
of parallel lamination and a mud dominated interval (Td-e).
In more proximal settings (canyons and
channels close to canyons) coarse-grained deposits
(Fig. 3B) occur instead of, or underlay, the Bouma
sequence. Several sedimentological models (Fig.
4) describe these coarser-grained proximal deposits (Lowe, 1982; Massari, 1984; Mutti, 1992).
These models show some key characteristic of
coarse-grained proximal turbidites: 1) overall normal grading, 2) frequent internal scouring, 3) upslope-dipping (backset) laminae, and 4) abundant
structureless deposits and crudely banded stratifi-
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Fig. 5; A) Drawing of bedforms created under supercritical saline density flows over charcoal beds (modified from Hand,
1974). B) Pictures of bedforms created under supercritical saline density flows over beds of plastic beads (modified from Alexander et al., 2001).

cations. These characteristics have led to valuable
information on the nature of coarse-grained turbidity currents.
Normal grading is associated to waning flow
conditions, where the coarsest grains are deposited
first. An abundance of internal scouring reflects
variations in the active depositional mechanism
associated to the unsteady or surging turbidity currents (Lowe, 1982). The driving mechanism behind this surging behaviour still remains a point of
discussion. They could be the result of fluctuations
in the feeding source of the turbidity current and/
or may be an expression of fluctuating flow patterns that are induced internally within turbidity
currents (Simpson, 1997; McCaffrey & Kneller,
2004; Best et al., 2005). Backset beds are commonly ascribed to upstream migrating bedforms
(Normark et al, 1980). Such upstream migration is
a typical feature of bedforms formed under supercritical flows. Other mechanisms that can result in
backset beds are scour-and-fill processes (Massari,
1996), slumping (Postma et al, 1983; Paull et al.,
2010) and deposition in a hydraulic jump related
scours at the slope break (Postma & Roep, 1985).
Abundant structureless and crudely banded
sediments, in combination with a lack of highangle foresets (ripples or dunes), is indicative of
a depositional environment where traction, as
typically found below turbulent flows, is absent
or low. The nearly complete lack of traction indicated by the structureless deposits is thought
to reflect high bed-aggradation rates (e.g. Lowe,
1982; Lowe, 1988; Kneller & Branney, 1995),

turbulence damping due to high basal sediment
concentrations (Lowe, 1982) or removal of friction by flow lofting (Stevenson & Peakall, 2010).
Crudely banded and spaced stratifications are often found in association with structureless deposits (Hiscott, 1994), indicating either temporal restoration of traction, lower aggradation rates and/
or reduced basal sediment concentrations (Lowe,
1982; Kneller & Branney, 1995; Postma et al.,
2009). Basal layers of high sediment concentration
lacking turbulence, which are dragged by a less
dense turbidity current on top, were introduced as
traction carpets by Dzulinski and Sanders (1962).
They recognised the existence of a non-turbulent
layer by distinguishing two types of erosional features at the base of turbidite beds: 1) scour marks
induced by turbulent flow and 2) linear tool marks
caused by dragging of objects in straight trajectories at the base of non-turbulent flows. The lack
of turbulence in these traction carpets, however,
also means that grains within such layer should be
supported by another mechanism instead of fluid
turbulence.
Experiments of Bagnold (1954) showed that
at volumetric sediment concentration above 9%,
grains are supported by collisions between grains
instead of fluid turbulence. Also upward escaping pore water flows, induced by the net downward movement of sediment, has been proposed
to support grains (Lowe, 1975). Superposition of
several support mechanisms has led to the concept
of high-density turbidity currents, which consist
of a stack of density stratified layers with verti-
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Fig. 6; A) Six drawing constructed by gauging on a metre-scale grid, showing the formation and evolution of a train of cyclic
steps. B) Pictures of laboratory experiments showing the different sections of a cyclic step migrating past the glass side wall. C)
Picture and graph of bedforms created under supercritical subaqueous saline flows over beds of plastic beads (modified from
Spinewine et al., 2009) and a seismic image of bedform development on the levee of the Toyama deep-sea channel (modified
from Spinewine et al., 2009; Kubo & Nakajima, 2002; Nakajima & Satoh, 2001).
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A. Train of cyclic steps due to overspilling of the Shepard Meander, in the Monterey Canyon
(modified from Parker (2004), image courtesy W. Normark).
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B. Numerical predictions of the formation and upstream migration of cyclic steps
(Modified after Fildani et al., 2006)
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C. Cross section of the cyclic steps shown in A (vertical exaggeration of 10) showing a cyclic steps formation
due to the overlying flow based on the numerical results (Modified from Fildani et al., 2006).
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Fig. 7; A) Numerical results on the spontaneous formation and migration of cyclic steps below a turbidity current passing a
break of slope (Kostic & Parker, 2006). B) Top view of the Monterey Canyon showing a sequence of scours eroding into the
overbank deposits of a strong bend (Shepard Bend) in the Monterey Canyon (modified from Fildani & Normark, 2004). C)
Cross-section of the bathymetry shown in B with an interpreted turbidity current drawn above (Fildani et al., 2006).
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cally stepwise decreasing sediment concentrations
(Kuenen & Migliorini, 1950; Middleton, 1967;
Postma et al., 1988).
2.   Morphodynamics that produce proximal
coarse-grained turbidite deposits

The above presented historical overview has
indicated several flow properties associated
to morphodynamic processes that lead to the
formation of proximal coarse-grained turbidity
current deposits. It is interesting to note that the
internal structures are to a large extent formed
by either strongly erosive or rapidly depositional
conditions. High velocities enable the flows to erode
canyons on geological time scales, but also to produce
abundant internal scouring and deformation of the
underlying substrate on times scales far below the
duration of single events (hours to days). On the
other hand, if these flows are depositional, then
their deposits are characterised by high deposition
rates and lack of tractional or turbulent structures
as a result of high basal sediment concentrations
due to large amounts of sediment falling out of
suspension. Both high deposition rates and high
basal sediment concentrations point to strongly
waning or depletive flows. These properties point
to a dominant dualistic flow character, where
flows are either in a state of strong deposition or
in an opposite erosive state. The abundant internal
scours on scales of tens to hundreds of metres show
that flows can switch between these states in time
scales and dimensions far below the duration and
physical extent of single events.
These alternations between erosive and depositional conditions have previously been associated with fluctuations of the upstream conditions
feeding the turbidity current. Even though such
fluctuations feeding conditions are likely to occur,
it remains unclear how upstream fluctuations can
be responsible for local small-scale (10-100 metres) alternations between erosion (internal scour)
and rapid deposition (massive fill). Alternatively,
surging behaviour of turbidity currents characterised by periods of high and low velocity flow have
been proposed (Hiscott, 1994) to trigger these
alternations in aggradational state. Although this
explanation is likely to be related to the fluctuating
deposition rate, it is still not satisfactory in uncovering the driving mechanism behind the alternations in depositional state.

9

The relative small scales on which scours
form, point to a local and possibly auto-generated
cause of the instabilities. In fluvial settings, water
flows under supercritical conditions are known
to form auto-generated, instable flow patterns.
Similar auto-generated conditions could well occur in proximal turbidity currents, since numerical and sedimentological arguments showed that
supercritical flow conditions are common in these
flows. In high-density turbidity currents additional instabilities may arise at density interfaces between successive flow layers of different densities
and velocities. Although both density stratification
in high-density turbidity currents and morphodynamics of supercritical flows have been subject to
previous studies (e.g. Postma et al., 1988; Alexander et al., 2001), the morphodynamics of the
combination of supercritical conditions in density
stratified flows are still poorly constrained.
3.   Morphodynamics of supercritical flows

The morphodynamics of supercritical flows,
i.e. flows with Froude numbers (defined as
Fr = U / gh , where U is the flow velocity, h
the flow depth and g the acceleration of gravity)
exceeding unity, are dominated by standing and
breaking waves, surges and hydraulic jumps
forming on the water surface (Gilbert, 1914;
Simons et al., 1965; Alexander et al., 2001; Taki
& Parker, 2005). With increasing Froude numbers
supercritical flows on mobile beds form a typical
sequence of bedforms: antidunes, breaking
antidunes and chutes-and-pools (Fig. 5B; Gilbert,
1914; Simons et al., 1965; Alexander et al., 2001).
More recently, this sequence is further extended
to include cyclic steps, which form at even higher
Froude numbers (Taki & Parker, 2005). Cyclic
steps are a series of upslope migrating bedforms
(steps), where each downward step (the lee side of
the bedform) is manifested by a steeply dropping
flow passing through an hydraulic jump before
re-accelerating on the flat stoss-side. Experiments
with supercritical saline density flows over mobile
beds of crushed coal (Fig. 5A; Hand, 1974) showed
that bedform formation under subaqueous flows is
analogous to supercritical subaerial (flowing under
air) flow.
In the seventies and eighties of the last century experiments on sandy high-density turbidity
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Fig. 8; Three well studied submarine canyons: A) Monterey Canyon (off the coast of California, USA; modified after Smith et
al., 2007), B) Eastern valley on the Laurentian Fan (off the coast of Nova Scotia, Canada; modified after Wynn et al., 2002c
and Clarke et al., 1990), and C) Var Canyon (off the coast of Nice, France; modified after Savoye, pers. comm., 2007).
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Fig. 9; Pictures of a submarine gravel wave outcrop taken at the Eastern valley on the Laurentian Fan taken from a submersible
(Clarke et al., 1990).

currents came from dredging research, focusing on
the behaviour of water-sediment-mixture flows related to the construction of subaqueous sand dams
(Jorritsma, 1973; Mastbergen & Bezuijen, 1988;
Mastbergen, 1989; Winterwerp et al., 1992). Sand
dams were formed by subaqueously releasing a
high-density mixture of sand and water, thereby
creating a sand body on the sea floor that progressively built up as depositional high-density turbidity currents flowed down over the initial dam (Fig.
6A). During the formation of this sand dam the
spontaneous formation of an upstream migrating train of cyclic steps was observed on the side
of the dam (Fig. 6A). Figure 6B shows three pictures of the various sections of cyclic steps taken
through the glass side wall of the flume: I) stoss
side of the cyclic step, 2) steep lee side of the cyclic
step and 3) a hydraulic jump forming at the transition between the lee and stoss side. More recent
experiments by Spinewine et al. (2009) show how
antidunes transform into cyclic steps under saline
flows. They also pointed to the similarities between
their experimental supercritical-flow bedforms
and large-scale sediment waves in seismic data of
the Toyama deep-sea channel (Fig. 6C; Kubo &
Nakajima, 2002; Nakajima & Satoh, 2001).
Similarities between cyclic step and sediment
waves in submarine systems are further supported

by a comparison between cyclic scours observed
in the Shepard Meander of the Monterey Canyon
systems and numerical experiments showing the
spontaneous formation of cyclic steps below turbidity currents overspilling canyon bends (Fig. 7;
Kostic & Parker, 2006; Fildani et al., 2006). Erosive cyclic steps are thought to play a role in the
formation of submarine canyons, as flows overspill
canyons bends they cut into the substrate and form
erosive cyclic steps (Fig. 7A; Fildani et al., 2006;
Lamb et al., 2008). However, numerical analysis
of Balmforth & Vakil (in press), shows that cyclic
steps will only form if the flow is capable to erode
the substrate. Flows that produce a lower sediment
mobility as in the former case seem to exhibit another type of unstable flow state characterised by
so-called ‘roll waves’, i.e. periodically downstreammigrating hydraulic jumps (Balmforth & Mandre,
2004).
Data of modern submarine systems show
submarine canyon floors covered by coarse-grained
sediment waves consisting of coarse sandy to gravelly sediments and varying in length from tens to
hundreds of metres (Fig. 8; Wynn et al., 2002a).
These sediment waves were found to migrate upslope over periods of weeks to months (Smith et
al., 2007) and therefore have been interpreted as
a type of antidune (Normark et al., 1980). More
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Fig. 10; Plot of theoretical relations between the Froude number of the incoming flow (Fr1), h2/h1-ratio and energy loss (ΔH/
h1) and their associated hydraulic jump types (modified from Bradley & Peterka, 1955; Ven Te Chow, 1959; Lennon & Hill,
2006).

distally, where canyons and channels grade into
lobes, bedform patterns become less pronounced
and instead abundant scours are observed (Wynn
et al., 2002b).
Although physical and numerical simulations supported by observations of modern systems
show that supercritical bedforms are very common
in proximal turbidity current systems, sedimentary structures of supercritical bedform are rarely
observed in outcrop studies. This is commonly
ascribed to the poor preservation potential of deposits formed by supercritical turbidity currents.
However, since documented flume datasets on the

sedimentary structures of supercritical high-density flows over sand beds have been limited in number and because the scale of supercritical bedforms
can easily extend beyond outcrop scales, insufficient knowledge and outcrop length may hamper
identification and interpretation of such deposits
adequately. Although the data of submerged turbidity current systems is sparse, some bedform features are evident. Seismic images over large sediment waves show that these bedforms internally
consist predominantly of backset lamina (Migeon
et al., 2001; Gilbert & Crookshank; 2009) pointing to upstream migration and supercritical tur-

Fig. 11; A) Plunge-pool formation at the location of a radial hydraulic jump during experimental turbidity currents (Baas et
al., 2004; Modified from Basani et al., in press). B) Plunge-pools geometries observed at the canyon-fan transitions at the Eel
and Trinidad Canyons off the coast of California (modified from Dziak et al., 2001).
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Fig. 12; A) Experimental high-density turbidity current, B) and the associate graded deposit (scale on the left in centimetres;
Kuenen & Migliorini, 1950). C) Brecciola graded sand beds with mudstone intercalations, Province of Lucca, Italy (Kuenen
& Migliorini, 1950).

bidity currents. Furthermore, unique close-up images have been made from submersibles in both
the Eastern Valley on the Laurentian Fan (Clarke
et al., 1990) and in the Var Canyon (Savoye, pers.
comm.). These images show coarse-grained sediment waves internally consisting of alternations of
banded and structureless deposits (Fig. 9).
Hydraulic jumps appear to be a key feature
in the morphodynamics of supercritical-flow bedforms. Experimental work (Bradley & Peterka,
1955; Ven Te Chow, 1959; Lennon & Hill, 2006)
on subaerial flows showed that hydraulic jump geometries vary with the strength of the hydraulic
jump (Fig. 10), which is defined by the ratio of the
incoming and outgoing flow depth (h2/h1). Also
energy losses associated with hydraulic jumps can
be expressed as a function of the h2/h1.
Garcia (1993) studied the behaviour of turbidity currents passing through hydraulic jumps at
breaks in the slope. A comparison of low-density
turbidity currents and saline flows showed that the
theoretical relations (Fig. 10) still hold for both

types of subaqueous flows as long as submerged
densities are taken into account in the formulation of the Froude number. Later studies showed
that, depending on the type of hydraulic jump
and grain size, hydraulic jumps either lead to enhanced sediment transport capacities due to the
additional turbulence created within the jump
(Garcia & Parker, 1989; Gray et al., 2005), or to
enhanced deposition due to deceasing velocities
after the hydraulic jump (Baas et al., 2004). Baas
et al. (2004) conducted experiments where highdensity turbidity currents flowed through a 2D
flume expanding in a 3D basin. On expansion, a
radial hydraulic jump formed and the deposit, triggered by the abrupt drop in flow velocity, created
a plunge-pool geometry (Fig. 11A). The plunge
pool geometry resembles those found by Dziak et
al. (2001) and Lee et al. (2002) on the continental
margin of New Jersey and California (Fig. 11B)
forms another confirmation that supercritical flow
conditions are common in steep canyon settings.
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Fig. 13; A) A drawing based on a high-speed motion picture of a experimental, high-density turbidity current (Modified from
Postma et al., 1988). Examples of deposits of inferred high-density turbulent flows containing large (outsized), floating clasts.
The sketches show: B) Subaqueously deposited, sediment gravity-flow unit from the lacustrine Karlskaret fan delta, Devonian
Hornelen Basin, Norway. C) Deposits of high-density turbidity currents from the marine Espiritu Santo Gilbert-type fan delta,
Pliocene, Spain (both sketches modified from Postma et al., 1988).

4.   High-density turbidity currents

Kuenen & Migliorini (1950) introduced the
concept of high-density turbidity currents as a
cause of graded flysch beds after experimentally
showing that high-density turbidity currents (Fig.
12A) produce structureless graded deposits (Fig.
12B) that strongly resemble the flysch sandstone
beds in the Brecciola outcrop in the Apennines
(Fig. 12C).
Due to troublesome scaling issues and measuring complexity, experiments on coarse-grained
high-density turbidity current are not common
(Kuenen & Migliorini, 1950; Postma et al., 1988;
Marr et al., 2001; Baas et al., 2004). Notwith-

standing these problems, experiments on highdensity turbidity currents have shown interesting
insights in transport mechanisms of large clasts in
high-density turbidity currents. Large or outsized
clasts have been observed to collect on the top of
crudely banded or structureless beds (Fig. 13B-C).
Experiments have shown that this could be the result of outsized clasts that raft on density interfaces
within high-density turbidity currents (Fig. 13A),
similar to water-skiers been dragged over the water
surface by towing boats (Postma et al. 1988).
A combination of numerical and theoretical analysis led Sohn (1997) to propose a conceptual model for velocity and concentration profiles
of high-density turbidity current (Fig. 14) on the
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basis of numerical models describing grain collisions (Jiang, 1995) and additional evidence from
outcrops. In this model two types of traction carpets are distinguished: 1) collision traction carpets
where grains are supported by grain collisions and
2) friction traction carpets where grains slide over
other grains while maintaining quasi-continuous
contact.
5.   Rationale and objectives of this study

As shown by numerical, experimental and sea-floor
observations, turbidity currents on relatively steep
slopes, as encountered in proximal deep-marine
systems, are likely to be supercritical. In contrast to
this, interpretations from the deposits of proximal
turbidity current found in the rock record are
generally not made in terms of supercritical flow
processes. Interpretations from the rock record
often show evidence for high basal sediment
concentrations, due to the lack of turbulent-flow
induced sedimentary structures. Combining these
observations proximal turbidity currents could
be seen as supercritical and of high density. Very
little is known on the morphodynamic processes
of supercritical high-density turbidity currents,
and the variation therein as a function of Froude
number or sediment concentration.
Unfortunately there are, as yet, no flumes
that are able to study high-density sandy turbidity currents on time scales that allow full bedform
development. Neither are there numerical codes
that can handle the dominant grain-to-grain interaction produced by high-sediment concentration and the types of flow stratifications that they
produce. This study aims at constructing a piecewise experimental approach to this problem. The
morphodynamics and sedimentary structures of
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supercritical flows (Chapter 2) and the depositional structures produced by flows with different
sediment concentration (Chapter 3 and 4) are first
studied as separate problems. Then, to enable outcrop recognition of these sedimentary structures,
estimates on the scale of the structures are made
through some basic numerical modelling (Chapter
5). Finally, in Chapter 6 the results of the previous chapters are combined to form a conceptual
model for the morphodynamic behaviour and the
associated sedimentary structures of high-density
supercritical turbidity currents. This model is
then applied to the turbidity current deposits of
the Tabernas Basin (SE Spain) to test whether this
model is able to produce a process-based explanation for the characteristic variations observed
in deposits of high-density supercritical turbidity
currents through both time and space.
Such model could then form a powerful tool
in predicting the distribution of sediments within
turbidity currents deposits in the subsurface, and
could thereby lead to valuable predictions of the
heterogeneity in permeability and porosity of reservoirs in the subsurface used for the production
of oil, gas or water.
6.   Overview of this thesis

Since studies of supercritical-flow bedforms and
their associated sedimentary structures are rare
and sustained turbidity currents are also difficult
to generate in laboratory flumes, this study starts
with an experimental study of supercritical-flow
bedform formation under subaerial flows focusing
on stability of each bedform type and their
transition from one type of bed form into another
(Chapter 2). Detailed time series measurements
of free-surfaces and bed interfaces show how

Fig. 14; A) Typical sequence of density-stratified layers in high-density turbidity currents (modified from Sohn, 1997) and
their concentration (B) and velocity profile (C).

16

Chapter

antidunes, breaking antidunes, chutes-andpools and cyclic steps are transitional into each
other with increasing Froude numbers. Classical
bedform stability diagrams are expanded for the
various kinds of supercritical-flow bedforms. The
associated sedimentary structures are studied
by synthetic aggradation techniques for various
aggradation rates, and are used for comparison
to outcrop-based models of supercritical-flow
structures for alluvial, glacial and pyroclastic
settings.
Having studied the conditions where supercritical bedforms are stable and relying on the
principle that bedforms in surface flows are fully
comparable with those formed by density currents in a water filled basin if Froude scaling is applied (Hand, 1974; Alexander et al., 2001; Garcia,
1993), the interaction of density-stratified flow
and the bed is studied in Chapter 3 in more detail
to test the presumed effect that short period flow
instabilities at each density interface may have on
bedform formation . Chapter 3 presents the results
of a series of experimental high-density turbidity
currents with various sediment concentrations (926%) are presented. All runs are chosen such that
flows are close to their equilibrium slope. The flows
are quasi-steady and show various types of internal
flow stratifications depending on sediment concentration and slope angle. With increasing basal
sediment concentrations three different layer types
are identified. By combining the dynamic behaviour of the different layer types and studies on
grain-size sorting mechanisms, a conceptual depositional model is constructed and used to interpret
outcrop examples.
Chapter 4 focuses on sedimentary structures
associated with the hydraulic jump in a turbidity
current. The differences in the dynamics of hydraulic jumps of low-density and high-density
turbidity currents are studied experimentally. The
experiments show that a hydraulic jump in a highdensity turbidity current is associated with an upward motion of the flow and detachment of the
high-velocity core of the flow from the bed. This
leads to virtual tractionless sedimentation leading
to the formation of structureless deposits. The deduced depositional characteristics are then compared with outcrop examples from the Tabernas
Basin, Spain.
Chapter 5 is intended to synthesise the ob-
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tained new insights from the laboratory with bedform observations from modern submarine canyons and fans. It presents a comparative study of
sediment waves and cyclic steps in turbidity current
systems based on geometries, internal structures
and numerical modeling. The morphodynamic relation of sediment waves, which cover many levees
and canyon floors of submarine fan systems, to the
turbidity currents that formed them is still poorly
understood. In recent years some large erosional
sediment waves have been interpreted as cyclic
steps. A general comparison is made between sediment waves and cyclic steps. First, the analogies
between their geometries and internal structures
are explored. Secondly, a basic numerical model
is used to construct stability fields for the formation of cyclic steps on different scales. These stability fields are compared with available datasets
of both fine- and coarse-grained sediment waves.
The numerical results enable an explanation of
geometrical trends over series of sediment waves
in the upper part of the Monterey Canyon, on
the middle Amazon Fan, and on a leveed channel in the Makassar Strait in terms of changes in
flow properties of the overriding turbidity current.
Based on sedimentological arguments and numerical analysis it is concluded that cyclic steps form a
likely explanation for upslope migrating sediment
waves.
Finally, the results of the previous chapters
are combined in a conceptual model that describes
sedimentary structures formed by supercritical turbidity currents as a function of flow energy, grain
size and basal sediment concentration (Chap. 6).
First, the bedform stability diagram of chapter 2 is
modified to natural turbidity current settings, after
which an additional axis is added to the diagram to
include the influence of thickness and dynamics of
flow stratifications. The bedforms in this stability
diagram are then linked to different sedimentary
structures as a function of the type of bedform and
turbidity current. Numerical and analytical models are used to estimate the scale of the different
bedforms. The model is applied to reconstruct turbidity current events as expressed in outcrops of
the Tabernas Basin.
Chapter 7 contains concluding remarks and
recommendations for further research of the morphodynamics of supercritical turbidity currents.
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Morphodynamics and sedimentary structures of bedforms under supercritical-flow conditions: new insights
from flume experiments
Matthieu J.B. Cartigny, Dario Ventra, George Postma and Jan H. van den Berg

ABSTRACT

Supercritical-flow phenomena are fairly common in modern sedimentary environments,
yet their recognition and analysis remain difficult in the stratigraphic record. This is
commonly ascribed to the poor preservation potential of deposits from high-energy
supercritical flows. However, the number of documented flume datasets on supercriticalflow dynamics and sedimentary structures is very limited in comparison with available
data on subcritical flows, and our inability to identify and interpret such deposits might
also be due to insufficient knowledge. This article describes the results of systematic
experiments spanning the full range of supercritical-flow bedforms (antidunes, chutes-andpools, cyclic steps) developed over mobile sand beds of variable grain sizes. Flow character
and related bedform patterns are constrained through time-series measurements of bed
configurations, flow depths, flow velocities and Froude numbers. The results allow the
refinement and extension of current bedform stability diagrams in the supercritical-flow
domain, clarifying in particular the morphodynamic relationships between antidunes and
cyclic steps. The onset of antidunes is controlled by the flow passing a threshold value of
the Froude number. Over a range of fine to medium sand, the transition from antidunes
to cyclic steps instead is completed at a threshold value of the mobility parameter,
spanning a wider range of values for the mobility parameter as grain size increases.
Sedimentary structures associated with the development of supercritical bedforms under
variable aggradation rates are revealed by means of a synthetic aggradation technique and
compared with examples from field and flume studies. Aggradation rate is seen to bear
an important influence on the geometry of supercritical-flow structures, and it should
be held in consideration for the identification and mutual distinction of supercritical
bedforms in the sedimentary record.
1.   Introduction

Primary sedimentary structures reflect the complex
interactions between sediment load and carrying
flows, as widely demonstrated by research in fluid
mechanics, sedimentary geology and engineering
in natural, experimental and numerical settings
(Kennedy, 1963; Leeder, 1983; Allen, 1985; Best,
1993, 1996; McLean et al., 1996; Colombini,
2004; Jerolmack & Mohrig, 2005; Kocurek et
al., 2010). Bedforms and sedimentary structures
This chapter has been submitted to Sedimentology

formed in unidirectional subcritical, oscillatory
and combined flows are fairly well understood
after a long history of experimental research, and
owing to their ubiquitous presence and recognition
in present-day sedimentary environments and in
the rock record. However, significant gaps remain
in our knowledge of the origin and dynamics of
bedforms produced by unidirectional supercritical
flows (see reviews by Yagishita, 1992, and
Fielding, 2006). Flume and numerical studies have
shown consistent bedform patterns arising from
supercritical flows over sandy beds. Numerous
17
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observations from modern environments prove
that such phenomena occur more frequently than
is commonly believed (e.g. McKee et al., 1967;
Waters & Fisher, 1971; Augustinus, 1980; Wells
& Dohrenwend, 1985; Barwis & Hayes, 1985;
Blair, 1987; Langford & Bracken, 1987; Alexander
& Fielding, 1997; Carling & Breakspear, 2007;
Duller et al., 2008).
The sedimentary record therefore should
preserve many examples of structures and facies
associations formed by such flows, but their recognition and analysis remain sparse in the literature.
This is commonly ascribed to the supposedly poor
preservation potential of deposits from ephemeral,
high-energy events. However, since documented
flume datasets on the sedimentology of supercritical flows over sand beds are limited in number (Middleton, 1965; Simons & Richardson,
1966; Jopling & Richardson, 1966; Hand, 1974;
Cheel, 1990; Best & Bridge, 1992; Alexander et
al., 2001; Yokokawa et al., 2010), our inability to
identify and interpret the resulting deposits might
actually be due to insufficient knowledge (Fielding, 2006).
This study aims to: 1) describe the results
of systematic flume experiments in the Eurotank
Flume Laboratory (Utrecht University), exploring
systematic changes in flow character and related
bedform patterns with increasing flow energy over
mobile sand beds of different grain sizes; 2) expand the classical bedform stability diagrams in
order to include a wider range of supercriticalflow bedforms; 3) study grain-size effects on the
formation of supercritical bedforms; 4) interpret
morphodynamic relationships between different
types of supercritical bedforms; and 5) describe
and analyse the relative sedimentary structures,
comparing them with previous flume experiments
and outcrop studies.

laminar flows (Robertson & Rouse, 1941); and
2) the Vedernikov number, which distinguishes
stable uniform from unstable non-uniform flows
(Ven Te Chow, 1959; Koloseus & Davidian,
1966). The Vedernikov number for wide channels
is defined as Ve= xFr (Ven Te Chow, 1959), where
the parameter x describes the dependency of flow
velocity on flow depth as used in the uniform flow
formula (Chézy, x=0.5 or Manning, x=0.66). This
implies a transition from stable to unstable flow
at Fr=1.5-2. For the sake of simplicity, here x is
set to 0.6, implying a transition from stable to
unstable flows (Ve=1) at Fr=1.7. In stable, uniform
flows (Ve<1) any free-surface (upper interface of
the flow) wave will be repressed, while in unstable
uniform flows (Ve>1) free-surface waves are
amplified and develop into roll waves (periodic
surges) at higher Froude numbers (Cornish,
1910; Koloseus & Davidian, 1966; Brock, 1969;
Karcz & Kersey,1980). Stable versus unstable
flow behaviour has been well studied for laminar
conditions (Karcz & Kersey,1980; DeVauchelle
et al., 2010) and for flows over non-erodible beds
(Brock, 1969). A similar transition between stable
and unstable flow has been found for turbulent
supercritical flow over mobile beds, where the
onset of unstable flow triggers the formation of
free-surface waves and antidunes, while periodic
fluctuating flows at higher Froude numbers are
accompanied by chutes-and-pools and cyclic steps
(Guy et al., 1966; Alexander et al., 2001; Spinewine
et al., 2009). The influence of an erodible bed on
the transition between stable flows and unstable
supercritical turbulent flows is still poorly
constrained; in particular the morphodynamic
relations between supercritical flows and bedforms
typical for these flows are not yet fully understood.
A brief overview of supercritical-flow properties is
provided below, followed by a brief summary of
the different resultant bedforms (see also Fig. 1).

2.   Supercritical flows and their bedforms:
general overview

2.1.  Characteristics of supercritical flows

In supercritical flows, the inertia of the flow
dominate gravitational forces; this is expressed
by Froude numbers (Fr = U / gh ) exceeding
unity, where U is the flow velocity, h is the flow
depth and g is the acceleration of gravity. Such
flows can be further characterised (Fig. 1) by: 1) the
Reynolds number (Re=Uh/ν, where ν is kinematic
viscosity), distinguishing between turbulent and

The free surface of turbulent supercritical flows
over erodible and non-erodible beds is often
characterised by waves, hydraulic jumps and surges
(Brock, 1969; Alexander et al., 2001, Taki & Parker,
2005). Waves at the free surface of supercritical
flows are thought to be triggered by internal flow
instabilities (Jeffreys, 1925; Vedernikov, 1945,
1946). When wavelengths considerably exceed
the flow depth, the velocity of wave propagation
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Fig. 1. Conceptual subdivision of supercritical-flow phenomena on the basis of Reynolds number and Vedernikov number; the
mobility of the sedimentary bed provides an additional criterion.

relative to flow velocity is given by
gh (e.g.
Lighthill, 1978). The ratio of flow velocity to
wave propagation velocity (again expressed by the
Froude number) determines whether waves can
migrate upstream. This implies that if a flow is
supercritical in its upstream portion and subcritical
downstream, waves in the subcritical portion of
the flow can travel upstream until they reach the
point where flow velocity equals the velocity of
wave propagation (Fr = 1). At this point, a physical
transition between supercritical and subcritical
flow forms a hydraulic jump, characterised by an
abrupt increase in flow depth and a decrease in
flow velocity, accompanied by substantial energy
loss. The strength of hydraulic jumps is defined
by the ratio of the outgoing subcritical flow depth
and incoming supercritical flow depth (conjugated
depths), and is related to the energy loss (ΔH) over
the hydraulic jump (Bélanger,1828; Fig. 2.A).

Experiments have shown that the geometric
configuration of hydraulic jumps varies with their
strength (Bradley & Peterka, 1955; Ven Te Chow,
1959; Lennon & Hill, 2006). Undular jumps form
at conjugated depth ratios close to unity (Fig.
2A), corresponding to minor energy losses, and
are typical for incoming Froude numbers between
1 and 1.7 (although there is variability within
these values, depending on channel geometry and
bed roughness; Montes, 1986). As the incoming
Froude number increases, the leading wave of the
undular jump starts to break and rollers are formed
(re-circulating cell forming at the free-surface;
weak jump). Turbulence and internal friction
within rollers are responsible for most of the energy dissipation at the hydraulic jump. At incoming Froude numbers between 2 and 4, hydraulic
jumps become very unstable; the incoming flow
(jet) tends to detach from the bed (MacDonald
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et al., 2009) and allows the formation of re-circulation cells between bed and main flow, strongly
reducing local shear stress at the bed. Further increases in the Froude number of the incoming
supercritical flow stabilise the jump morphology
and trigger even greater turbulence, vorticity and
energy dissipation (Long et al., 1991). Hydraulic
jumps associated with slope breaks (α), as is often
the case for hydraulic jumps related to supercritical-flow bedforms, have been classified according
to their position relative to the slope break (Fig.
2B; Rajaratnam, 1967; Hager, 1992).
In case of an imbalance between upstream
and downstream forces, hydraulic jumps tend to
migrate, and are referred to as surges. Surges are said
to be positive when the wave front advances, and
negative when it retreats (irrespective of the gen-

2

eral flow direction; cf. Chanson, 2004). Periodic
positive surges propagating in the flow direction
over fixed or poorly mobile beds under unstable
supercritical flows are called roll waves or Cornish
waves (Cornish, 1910; Brock, 1969). The experiments reported here were carried out over mobile
sand beds, which led supercritical bedforms to
suppress the formation of roll waves (Balmforth &
Vakil, in press).
2.2.  Supercritical-flow bedforms

Supercritical fluids flowing over mobile sediment
beds show a great variety of morphologies and
dynamics (Gilbert, 1914; Simons et al., 1965;
Allen, 1982), depending on flow conditions and
sediment grain size. Unidirectional-flow bedforms
are traditionally divided into upper flow-regime
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Fig. 2. Geometric and dynamic configurations of hydraulic jumps. (A) The central diagram shows the theoretical relations
between outgoing Froude number (Fr2), the dimensionless energy loss expressed in metres of water column (ΔH/h1) and the
ratio of conjugated depths (h2/h1) as a function of the incoming Froude number (Fr1). Experiments have shown that the different kinds of hydraulic jump occur at different incoming Froude numbers (Bradley and Peterka, 1955; Ven Te Chow, 1959;
Lennon and Hill, 2006). (B) Depending on the balance between upstream forces related to the incoming flow velocity (kinematic) and the downstream forces depending on flow depth (potential), hydraulic jumps occur at a slope break (normal jump,
kinematic energy equals potential energy), downstream of a slope break (flushed jump, kinematic > potential), or upstream of
the slope break (submerged jump, kinematic<potential). More detailed classifications can be found in Rajaratnam (1967) and
Hager (1992).
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and lower flow-regime (Simons et al., 1965),
depending on Froude number, flow viscosity and
grain mobility (Van den Berg & Van Gelder,
1998; Van den Berg & Nio, 2010). Upper-flowregime bedforms are commonly considered to be
characterised by in-phase relationships between
the free water surface and the bed interface
(Simons et al., 1965; Middleton & Southard,
1984), although recent research has shown that
in-phase relationships do not hold for all kinds of
supercritical-flow bedforms (Alexander et al., 2001;
Yokokawa et al., 2009). An alternative subdivision
can be made between free-surface-dependent and
free-surface-independent bedforms (Middleton &
Southard, 1984).
Experiments in unidirectional open-channel
flows have consistently shown the development of
characteristic bedform sequences with increasing
flow energies: ripples, dunes, upper-stage plane
bed, antidunes, chutes-and-pools and cyclic steps
(e.g. Gilbert, 1914; Simons et al., 1965; Alexander et al., 2001; Taki & Parker, 2005). In the case
of pipe flows, which lack a free surface, experiments have shown that only part of this bedform
sequence forms, spanning the range from ripples
to upper-stage plane beds (Newitt, 1955; Fredsøe
& Engelund, 1975; Saunderson, 1982). Hence,
ripples, dunes and upper-stage plane beds can
form independently of a free-surface, whereas antidunes, chutes-and-pools and cyclic steps are tied
to the presence of a free flow surface and to the associated development of surface phenomena, such
waves, surges and hydraulic jumps.
Antidunes are bedform expressions geometrically
and dynamically in phase with surface waves, and
show variable rates of upstream or downstream
migration depending on flow energy and grain
size (Gilbert, 1914; Kennedy, 1961; Simons et al.,
1965; Middleton, 1965; Hand, 1974; Langford
& Bracken, 1987; Alexander & Fielding, 1996;
Alexander et al., 2001; Yokokawa et al., 2010).
Experimental observations often describe the
development of ‘trains’ of antidunes (Kennedy,
1961; Simons et al., 1965; Guy et al., 1966;
Yokokawa et al., 2010) that tend to migrate
downstream, independently of the direction of
migration of the individual bedforms; antidunes
at the upstream end of the train are scoured away
by the incoming flow, while new antidunes form
at the downstream end (Kennedy, 1961). The
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amplitude of antidunes grows progressively with
increasing Froude numbers until ratios of wave
height over wave length exceed 0.14 and breaking
surface waves occur (Kennedy, 1961), leading to a
cyclic destruction and regeneration of antidunes
(Gilbert, 1914; Kennedy, 1961; Middleton, 1965;
Guy et al., 1966; Langford & Bracken, 1987; Blair,
1987). The processes during wave breaking differ
widely: 1) breaking antidunes can lead to positive
surges forming new antidunes upstream of the old
ones (Middleton, 1965); 2) breaking antidunes
can form new antidunes downstream of the old
ones (Guy et al., 1966); 3) breaking antidunes can
lead to stretches of flat bed separating adjacent
antidunes (Kennedy, 1961; Schumm et al.,1982);
and/or 4) antidunes can disappear without
breaking (Kennedy, 1961). The causes of this
different behaviour must be sought in the complex
interactions between antidune morphology, the
surges that result from breaking waves, and the
resultant downstream effects.
Chute-and-pool
structures
represent
a
morphologically less regular, quasi-periodic
bed topography, where abrupt shallow-to-deep
transitions in bed morphology are related to
corresponding transitions from supercritical to
subcritical flow regime through hydraulic jumps
or surges (Simons et al., 1965; Middleton, 1965;
Guy et al., 1966; Hand, 1974; Alexander et al.,
2001). Chutes-and-pools have been observed to
migrate upstream with velocities close to or higher
than those of accompanying antidunes. Chuteand-pool structures have also been shown to be
laterally followed by cycles of breaking antidunes
(Middleton, 1965).
Cyclic steps are - in comparison to antidunes long-wavelength bedforms identified and discussed
only recently in the literature (Winterwerp et al.,
1992; Taki & Parker, 2005; Spinewine et al.,
2009; Yokokawa et al., 2009; Kostic, 2010). Cyclic
steps migrate upstream and are characterised by
depositional subcritical flow over the stoss side
and erosive supercritical flow over the lee side,
accompanied by energetic hydraulic jumps in
the intervening troughs. The distinction with
chutes-and-pools is not always clear, since cyclic
steps also involve an erosive lee side (chute) and a
depositional stoss side (pool). Here, cyclic steps are
distinguished from chutes-and-pools by their more
regular periodicity and by the lack of superimposed
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Fig. 3. (A) Re-circulating flume, 12 m long, 0.48 m wide and 0.6 m long in the Eurotank Flume Laboratory at Utrecht University. Discharge is measured in the recirculating pipe; the flume is filled with enough sand to prevent scouring to the flume floor.
(B) Flume in action with flow directed to the left and development of cyclic steps; notice gray recirculating pipe underneath
the main tank. (C) Downstream view from the flume head during cyclic-step conditions.

antidunes and the absence of flow surges.
Experiments have shown that all free-surface-dependent bedforms develop in a similar
manner at equal Froude numbers in subaqueous
settings (Hand, 1974; Spinewine et al., 2009). In
subaqueous flows, cyclic steps are morphologically
associated to sediment waves (Fildani et al., 2006;
Lamb et al., 2008; Cartigny et al., 2011; Kostic
et al., 2011). Coarse-grained sediment waves in
submarine canyons have also been interpreted as
antidunes (Normark et al., 1980) or cyclic steps

(Cartigny et al., 2011) formed by turbidity currents in a manner similar to the experiments of
Spinewine et al. (2009).
The morphodynamic relationships between
different types of supercritical-flow bedforms are
still poorly constrained, mainly because most experimental work so far has focused on single bedform types or covered only part of the bedform
spectrum (Fig. 1). The study presented here considers a wide range of free-surface-dependent bedforms in fine to medium sand, from antidunes to
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cyclic steps, with a focus on the morphodynamic
relations between such bedforms and their sedimentological signatures.
3.   Methods

Experiments were conducted at the Eurotank
Flume Laboratory (Utrecht University) using
a recirculating flume (12 m long, 0.48 m wide,
0.6 m deep; Fig. 3). Twenty-three runs (Table
1) were carried out on sand beds of well-sorted
fine to medium sands (D50= 160 μm , D50= 265
μm, D50= 350 μm). Discharge was measured
by an electromagnetic discharge meter (Krohne
Optiflux 2000). Flow was circulated for several
hours before every single run, in order to develop
an equilibrium slope for bedform development.
A monochrome camera (Basler Pilot, piA640210gm) was positioned at the side of the flume,
where it captured geometrical flow configurations
and sedimentary processes through the glass wall at
a rate of 10 pictures per second. Most runs lasted

approximately one hour, allowing for development
and migration of a significant number of bedforms
past the camera field.
Camera data were analysed by imaging techniques on Matlab software. Time series of water
depth, flow geometry and bed configurations were
generated by tracing the height and configuration
of the sedimentary bed and of the flow surface
through time. Time series of the corresponding
Froude numbers, flow velocities and mobility parameters were constructed by combining time series of water depth with discharge measurements.
Panoramic overviews of bedforms were obtained
by collecting vertical pixel columns from each
image, and adding them over time. Power spectra of time series for bed interfaces and flow surfaces were constructed by discrete Fourier analysis
(Matlab, Fast Fourier Transform algorithm) in order to analyse frequency distributions of observed
geometries.
The evolution of sedimentary structures was
studied by capturing the geometry of bed interfac-

Table 1. Experimental conditions for individual experimental runs. Subscripts indicate the percentile of time-series measurements: 50 equals median, and 90 equals nineties percentile (value surpassed by 10% of the measurements).

Run #

Median grain
size [μm]

Specific discharge
[m3/hr]

U90
[m/s]

h
[m]

Fr50
[-]

Fr90
[-]

Mobility parametres (θ)
[-]

Bedform type

1

160

122.3

0.45

0.071

0.95

2.1

2.97

Cyclic steps

2

160

153.5

0.80

0.051

1.16

1.58

2.48

Chute-and-pool

3

160

319.8

1.03

0.084

1.10

1.32

2.20

Breaking Antidunes

4

160

460.8

0.83

0.149

0.69

0.70

0.76

Upper flat bed

5

160

280.2

0.74

0.101

0.88

1.51

5.43

Cyclic step

6

160

275.8

0.84

0.087

0.97

1.63

3.41

Cyclic steps

7

160

414.0

1.03

0.107

1.00

1.33

2.57

Antidunes

9

350

257.5

0.78

0.088

1.15

2.07

6.21

Cyclic steps

10

350

375.4

1.25

0.080

1.33

1.82

2.97

Chute-and-pool

11

350

337.5

1.10

0.083

1.22

1.31

1.22

Antidunes

12

350

337.5

1.23

0.074

1.31

2.04

4.13

Chute-and-pool

13

350

307.1

0.94

0.087

1.03

1.78

5.95

Cyclic steps

14

350

302.3

1.05

0.076

1.16

1.61

2.68

Chute-and-pool

15

350

336.5

1.17

0.077

1.31

2.06

6.14

Cyclic steps

16

350

324.2

1.06

0.081

1.29

2.27

8.82

Cyclic steps

18

265

237.5

0.98

0.064

1.22

1.41

1.36

Antidunes

19

265

268.8

1.09

0.067

1.41

1.82

2.15

Antidunes

20

265

297.9

1.14

0.070

1.39

1.83

2.50

Chute-and-pool

21

265

304.2

1.03

0.080

1.26

2.17

3.50

Cyclic steps

22

265

220.8

0.88

0.068

1.07

1.15

0.91

Antidunes

23

265

300.0

1.04

0.077

1.33

2.14

3.59

Chute-and-pool
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es over the entire image width through time; successive geometries were projected on top of each
other to trace the internal structure of the evolving

A.

Antidunes

B.

Breaking antidunes
Surge migrating upstream

C.

bedform by superposition of different bed interfaces through time. The resulting association of
timelines does not necessarily correspond to the

Surge flushed downstream

Restored supercritical flow

Surge stabilizes in a hydraulic
jump

Supercritical flow restores

Chutes-and-pools

Supercritical flow

D.

Surge at maximum position
upstream

2

Surge migrating upstream

Cyclic steps

Fig. 4. Representative overview of four stages in unidirectional supercritical flows, corresponding to the development of the
four kinds of bed configurations (flow directed from right to left; vertical scale exaggerated for clarity). Additional insets for
breaking antidunes and chutes-and-pools illustrate the dynamics of complex cyclic processes responsible for the occurrence of
such bedforms.
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internal geometry of sedimentary structures; if no
internal stratification is formed, timeline successions will not actually appear in the real deposits.
If a new bed interface cuts into a previous one due
to local erosion, the eroded portion is removed
and replaced by the outline of the new bed interface. Time series of bed interfaces were also used to
construct sedimentary sequences by application of
a synthetic aggradation technique (Corea, 1978;
Southard et al., 1990; Dumas et al., 2005). This
technique plots bed interfaces in a similar way to
that described above, but it performs synthetic aggradation by shifting the sedimentary interface upward before analyzing successive image frames. The
upward shift corresponds to an imposed synthetic
aggradation rate, here corresponding to values of
0.05 mm/s, 0.25 mm/s and 0.5 mm/s. Athough
the technique neglects the influence of additional
sediment carried by the flow to accomplish such
aggradation rate, it provides qualitative insights on
the variability of vertical sequences of sedimentary
structures as a function of combined aggradation
rates and bedform types.
4.   Morphodynamics and sedimentary structures

A series of 23 runs have been carried out to study
bedform development under varying discharges and
Froude numbers over mobile beds with different
particle sizes. Below, an idealised description is given
of the four-stage, morphodynamic development of
supercritical-flow bedforms and their sedimentary
architectures under increasing flow energy: i)
antidunes, ii) breaking antidunes, iii) chutes-andpools and iv) cyclic steps. A vertically exaggerated,
schematic overview of these stages is provided in
Figure 4.
4.1.  Antidunes

Morphodynamics. Long trains of antidunes (run
11 is used as example; D50=350 μm, Fr90= 1.31,
specific discharge -discharge per metre width- Q
= 337.5 m2/h) are characterised by surface waves
fully in phase with undulations developed at
the sediment bed interface (Fig. 4A). Antidunes
migrate upcurrent by erosion of the downstream
side (lee side) and deposition at the upstream
side (stoss side). Downcurrent migration was not
observed during any of the runs performed. This
process takes place without disruption of in-phase
relationships with the free surface of the flow.
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Figure 5A shows six photographic snapshots from
a camera positioned at ~7 m downstream of the
flume inlet. Black lines represent the evolution
of laminae (successive bed interfaces without
synthetic aggradation) and set boundaries through
time. Their stacking shows that the bed aggrades
under higher-amplitude antidunes (t1-t5), and
degrades under lower-amplitude antidunes at the
tail of a full antidune train (t6).
Flow and bedform characteristics were studied through process observations and video recording at a fixed position through time, and not
over the flume length. Consequently, variables are
referred to their time of occurrence in seconds (i.e.
period) instead of metres (i.e. wavelength). Figure
5B shows the evolution of antidunes that pass the
camera over the first 1200 s of the run. From every image (10 frames per second), a fixed column
of pixels has been extracted, and the combination of several such columns over time is shown
as a panoramic view (Fig. 5B). The position of the
images shown in Figure 5A is indicated by their
time values (t1, t2,...). It appears that: 1) the mobile bed interface and the free surface of the flow
hold an in-phase relationship, and the amplitude
of wave perturbations in both interfaces remains
proportional; 2) the amplitude of the bedforms
(antidunes) varies with time in an unsteady fashion, with high-amplitude antidunes generally followed by series of increasingly lower-amplitude
antidunes, giving rise to bedform trains.
To derive a time series for the Froude number (Fig. 5C, plotted for the first 1200 s), flow
depths were determined from individual images as
the distance between the free flow surface and the
bed, and then combined with measured discharges. Froude numbers remain constantly within supercritical range, but their values are variable. The
unsteady behaviour of antidune trains is illustrated by the Froude number curve (Fig. 5C). Highamplitude antidunes cause strong fluctuations in
Froude numbers, subsequently dampened by the
establishment of lower-amplitude antidunes, until
the onset of a next series of high-amplitude antidunes. When considering series of several antidunes, the average Froude number correlates negatively to the height of the bed surface (Fig. 5B, C).
The periodicity of each bedform in the time-series
is remarkably constant over the whole run (around
60 s) and apparently unaffected by amplitude
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Run 11, Q=337.5 [m2/hr], coarse sand
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Fig. 5. Morphodynamics of antidune bedforms. (A) Stills of video images of the flow through the flume sidewall. Time t, indicated in white, corresponds to the times indicated in the horizontal axes of graphs in B, C and D; flow direction is to the left
and internal structures are indicated by black time lines. (B) Time series of vertical pixel rows extracted from the first 12000
images, plotted as a spatial panorama of the sediment bed interface and the free flow surface (note that flow direction is here
from the right to the left, due to upstream migration); vertical scale is in metres and horizontal scale in seconds, whereas run
time tn is in seconds. The darkest area corresponds to the background, the lightest horizontally striped area to the erodible
bed and the gray area in between is the flowing fluid. (C) Plot of Froude numbers calculated for each image at fixed positions,
corresponding to the panoramic view in B. Critical Froude number is shown by the intermittent line. (D) Graph of the bed
interface (black line) and free surface (dashed blue line) comparable to B, but over the full length of the run. Correlation between the first 1200 s and the rest of the run is indicated by vertical dotted lines. Vertical scale is in metres and horizontal scale
in seconds. E) Distribution of Froude number measured over the entire run; stippled lines show the median and 90th percentile
of the Froude number distribution. (F) Plot of the power spectrum of the bed interface (black line) and the free flow surface
(dashed blue line) calculated by discrete Fourier transformation of interface time series.
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fluctuations. Observations over the length of the
flume however show that amplitude fluctuations
not only vary over time, but also partly relate to
changes of antidune amplitudes along the flow;
antidunes change their aspect ratio both in time
and space. Due to the fixed position of the camera,
it was not possible to document and separate the
morphodynamic aspects caused by flow unsteadiness on one hand and by non-uniformity on the
other.
The characteristics of the full run are shown
in the remaining panels. In Figure 5D, the sediment bed interface (black) and the flow surface
(blue) are plotted for the entire run (45900 data
points, 4590 s, ~75 min); this time series shows
the perfect match of phase relations between bed
interface and flow surface also during longer-period fluctuations in wave amplitude. Most antidune
trains show cycles of abrupt increase in amplitude,
followed by a gradual decrease (Fig. 5D; 300, 500,
850 and 2000 s); however, the antidune train centered on 3500 s shows a gradual increase and decrease. To further investigate the periodicity of undulations, a power spectrum of the full dataset was
derived through discrete Fourier analysis (Fig. 5F).
From this analysis, it is evident that undulations
with a periodicity of ~60 s, which correspond to
antidunes, dominate the power spectrum. Amplitude fluctuations of longer periodicity, which
would characterise differences in amplitude of
subsequent antidune trains, are not recognizable
in this analysis. Figure 5E plots the distribution of
measured Froude numbers, as measured ten times
per second at a fixed position. As will be shown
below, two Froude numbers are used to compare
flow conditions between runs: 1) the 50th percentile or median Froude number (Fr50 ); and 2) the
90th percentile Froude number (Fr90 ).
Sedimentary structures. Sedimentary structures
result from differential aggradation and erosion
of different portions of the sediment interface,
controlled by the formation and migration of
antidunes. The process and the internal evolution
of antidune deposits are highlighted by dark lines
in Figure 5A. As expected from countercurrent
migration, each antidune leaves behind a stack of
backsets whose preservation depends primarily on
the amplitude of successive antidunes reworking
the sediment top, and secondarily on the rate of
aggradation. The runs described here were carried
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out under equilibrium conditions, thus with zero
net aggradation. However, longer-period bed
undulations (trains of antidunes) induce first
aggradation (stacking basal structures of highamplitude antidunes), followed by degradation
(as antidunes progressively reduce in amplitude).
High-amplitude antidunes thus form thicker
backsets, with a maximum of approximately one
third of the antidune amplitude (see images at t1,
t2 and t3). Afterward, lower-amplitude antidunes
leave much thinner sets (t4 and t5), and eventually
the whole deposit is reworked by the successive
high-amplitude antidunes (t6 ).
The resulting sedimentary structures, shown
in Figure 6B to D, are obtained through the synthetic aggradation technique discussed above. The
top panel (Fig. 6A) shows the coupled evolution
of the free surface and of the underlying depositional interface (amplitudes shown on the vertical
axis; their variation through time expressed along
the horizontal axis; see also Fig. 5D). The lower
panels show sedimentary structures obtained at
different aggradation rates (vertical scale not distorted). Timelines of bed configuration are in time
increments of 4 s, within the same time framework
as along the horizontal axis of the top panel. Sedimentary structures can thus be linked to the development of the flow surface and bed configurations
shown in the top panel.
The overall structure is given by stacked
laminasets with subhorizontal to gently inclined
boundaries and a generally conformable geometry (see also vertically exaggerated drawing in Fig.
4A). Internally, subhorizontal to low-angle backset laminae (dipping upcurrent), show low-angle
to tangential terminations to the lower set boundary, depending on the sinusoidal geometry of the
forming antidune. The succession is composed of
bundles of laminasets, each corresponding to progressive sedimentation from a train of antidunes;
most bundles are characterised by a thinning-upward trend due to the decreasing amplitude of antidunes within a train (e.g., the train of antidunes
at ~0-250 s, indicated by the blue square).
The geometry of single laminae is strongly
dependent on the preserved set thickness. Thin
sets preserve only the lower portions of laminae,
merging with the basal set boundary at a very low
angle; consequently, preserved lamination shows a
subhorizontal to very low-angle dip upstream. The
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Fig. 6. Results of experiments on antidunes. (A) Depth variations of sediment bed interface and free flow surface plotted
against time. (B) to (D) Sedimentary structures developed by the flow in (A), constructed through synthetic aggradation; flow
is from right to left; run times indicated on the left correspond to the horizontal time axis in (A). Synthetic aggradation rates
vary from 0.05 mm/s in (D) to 0.5 mm/s in (B).

structures of very thin or only partially preserved
laminasets resemble plane-parallel lamination. In
thicker sets, the upper portions of single laminae,
which dip at higher angles, are more frequently
preserved; the resulting backset geometry is thus
much more evident since the average upcurrent
dip of laminae is distinctly higher.
Aggradation rate is another variable that
controls the preservation of laminasets, and thus

the internal geometry of the whole deposit. At relatively high aggradation rates (Fig. 6B), superimposed laminasets are more distinctly recognizable
due to their greater thickness and better preservation. Thicker lamina sets imply: 1) an overall higher dip of backset laminae, as noted above, although
this also depends on the antidune amplitude; 2)
greater lateral continuity for each set; 3) reduced
relative variability in thickness between different
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laminasets. The latter two characteristics naturally
result from the lower impact of small variations in
the depth of erosion, caused by fluctuations in antidune amplitude, on the overall geometry of thick
sets. By contrast, lower aggradation rates imply: 1)
laminae with approximately planar, subhorizontal
geometry; 2) greatly reduced thickness of laminasets; 3) reduced and more variable lateral continuity of laminasets, with preservation of lensoidal
laminasets in the extreme.
4.2.  Breaking antidunes

Morphodynamics. At slightly higher flow energies
(Fr90=1.34), irregular trains of in-phase antidunes
turn into more regular, shorter trains of breaking
and subsequently non-breaking antidunes (Run 3,
D50=160, Q=319.8 m2/hr). The process of wave
breaking is shown in Figures 4B and 7A (images t1t4). As the upstream flank of the antidunes becomes
oversteepened, flow over the antidune crests starts
to slide back against the incoming flow, producing
rollers or breaking waves that migrate upstream as
positive surges (Fig. 7A, t1). The positive surge is
directly followed by a cloud of suspended sediment
that extends almost over the entire water column.
As the surge migrates upstream into the adjacent
antidune trough, its velocity and amplitude decrease
(t2) and suspended sediment starts to settle. The
surge amplitude quickly abates, the surge loses
velocity and starts to be flushed downstream as a
negative surge (t3) while supercritical flow is locally
reestablished over the aggraded bed (t4). The new
bed morphology is smoother than in the previous
phases, since the surge has filled the trough with
sediment (as indicated by set boundaries in black).
The process repeats with the formation of a new
antidune and a new laminaset (t5-t7). After several
cycles of wave breaking at the head of the antidune
trains, the process becomes less pronounced in
the subsequent part of the train and seems to be
mainly driven by fluctuations in discharge caused
by more violent breaking antidunes upstream.
These breaking events at the head of the train
upstream are associated with deep scours, followed
by a longer period (~100 s) of bed aggradation
and a general increase in Froude number (t8-t9).
This sequence of events is followed by a more
stable erosive flow (initial chute) at the tail of the
train, which degrades the bed down to its previous
level before starting a new train (t10). Trains of
breaking antidunes, especially those with longer
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chutes, are very similar to chutes-and-pools (see
below). Here, a distinction between antidunes
and chutes-and-pools is made on the basis of
surge behaviour over breaking antidunes: as long
as surges are periodically flushed downstream, the
corresponding bedforms are classified as breaking
antidunes. However, from the observations it is
obvious that the transition in flow properties and
bedform configurations is gradual and difficult to
pinpoint exactly.
A panoramic view of the first 1200 s of Run
3 shows trains of breaking antidunes with a repetitive pattern (Fig. 7B). Flow domains undergoing
aggradation are characterised by breaking surface
waves, accompanied by suspension clouds and
irregular peaks at the free-surface, and alternate
with flatter-bed domains dominated by erosive supercritical flows (initial chutes). Wave trains form
quite regularly, but show random patterns in amplitude and especially in the depths to which the
chutes incise.
The Froude numbers plotted in Figure 7C
roughly show a saw-tooth pattern, starting with a
gradual increase in Froude number over a breaking antidune train ending (at t ~240-280 s) in an
abrupt increase where antidune activity (initial
chutes; around t ~300 s) is lacking, and marked
decreases at the onset of each new train starting
with breaking waves (at t ~320 s). Breaking waves
superimposed on this signal are characterised by
shorter wavelengths and smaller amplitude fluctuations. Directly downstream of the chutes, Froude
numbers often fall below unity indicating surges.
Further downstream along the train, breaking
waves are less likely to develop due to the lower
Froude numbers.
The periodicity of the saw-tooth Froude
signal and of breaking waves followed by chutes
concentrates around 200 s in the spectrum plot
(Fig. 7F). Note that the power spectrum is much
more irregular than that of non-breaking antidunes. Surges that migrate up- and downstream,
and the fluctuations they trigger downstream, are
represented by shorter-period fluctuations (40-70
s), and are mainly reflected in the spectrum of free
surface phenomena. Another peak in periodicity
is identified just below 100 s and probably corresponds to 200-s cycles that have not fully developed chutes halfway their trains. There are also
some observable stronger peaks at a periodicity of

30

Chapter

2

Run 3, Q=319.8 [m2/hr]

A

t1 = 41 [s]

t2 = 44 [s]

t3 = 49 [s]

t4 = 56 [s]

t5 = 63 [s]

0.38 [m]

t7 = 86 [s]

Depth [m]

t6 = 68 [s]

0.05

t10=209 [s]

t9 =182 [s]

t8t9 t10

t1t2t3t4 t5t6t7

B
0.15
0.1

t8 =180 [s]

Background
Flow

0.2

Erodible bed

Froude

0.25

1.6
1.4
1.2
1
0.8
0.6

Depth [m]

0.15
0.1

200

400

600

800

1000

200

400

600

800

1000

1200

Time [s]

C
0

1200

Time [s]

D

0.05
0
-0.05

0

1000

2000

3000

4000

5000

6000

7000

Time [s]

1

E

Power x 10-4

% Fr measurements

Period [s]
18

Fr90 =1.34

1500

200

100

F

0.8

12

0.6

33.3
free-surface
bed interface

Antidunes
around 60 [s]

10

Fr50 =1.09

50

Antidunes cycles
around 200 [s]

some
chute-and-pools
14 around 1500 [s]
16

66.7

8

0.4

6
4

0.2

2

0

0.6

0.8

1

1.2

1.4

1.6

0
0 0.00066

Froude number

0.005

0.01

0.015

0.02

0.025

Frequency [1/s]

Fig. 7. Morphodynamics of breaking antidunes; set up and methodology identical to Figure 5. (A) Stills of video images; arrows indicate flow direction. (B) Time series of breaking antidunes migrating upstream. (C) Plot of the Froude number. Blue
areas indicate periods during which Fr is below 1 (D) Graph of the bed interface (solid black line) and free flow surface (dashed
blue line) is comparable to B, but for the full length of the run. (E) Distribution of Froude number over the entire flow. (F)
Plot of the power spectrum of both the sediment bed interface (black solid line) and the free flow surface (dashed blue line)
calculated by Fourier transformation of interface time series.

~1500 s in the bed-interface dataset, possibly related to strong chutes and to their deep erosion into
the bed at longer intervals. However, the number
of documented chute cycles does not justify any

conclusions.
Higher Fr90 values than in antidune runs
result from the progressively more unstable flows
which are associated to high peaks in Froude num-
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Fig. 8. Results of experiments on breaking antidunes. (A) Depth variations of sediment bed interface and free flow surface plotted against time intervals of 4 s. (B) to (D) Sedimentary structures developed by the flow in (A), constructed through synthetic
aggradation; flow is from right to left; run times indicated on the left correspond to the horizontal time axis in (A). Synthetic
aggradation rates vary from 0.05 mm/s in (D) to 0.5 mm/s in (B).

ber. Such phenomena lead to periods of subcritical
flow and lower the median Froude number (Fr50
); peak values of Froude number (Fr90 ) are therefore proportionally higher. This has important
consequences for the comparison of supercritical
bedforms and for the establishment of bedform
stability diagrams, in which the average characters
of flow and sediment are considered to be characteristic for different bedforms (i.e. Southard &

Boguchwal, 1990). A plot of breaking antidunes
in such a stability diagram, would show them below non-breaking antidunes (Fr50 =1.23), on the
basis of their average flow velocities and Froude
numbers (Fr50 =1.09); however, this would obviously not reflect the actual sequence of physical
events (see below).
Sedimentary structures. In contrast to the more
continuous structures formed by stable antidunes,
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deposits from breaking antidunes consist of
discontinuous lenticular beds with variable
internal geometry, varying from backset to foreset
(Fig. 4B & 7A; t8-t9). Lenticular structures
form as suspended sediment settles behind a
migrating surge and fills troughs. Depending on
the maximum upstream position reached by the
surge relative to the deepest point of the trough,
sediment is either mainly deposited on the stoss
side of the breaking antidune, forming backsets (t57), or it settles on the lee side of the next antidune
upstream forming low-angle foresets while the
surge migrates further upstream. If sediment
settles around the middle portion of the trough,
sets of curved symmetrical laminae are formed,
conformable to the set boundary (t1-4). Breaking
processes and the resulting positive surges are often
associated to detachment of the high-velocity core
of the incoming flow (jet) from the bed (as shown
in Fig. 2A in the oscillating jump). The sediment
bed directly behind the surge is subject to strongly
reduced traction, or even to reverse traction when
a roller forms between bed and jet (Fig. 4B). Direct
suspension fall-out within these regions of minor
traction leads to the accumulation of structureless
deposits. Traction is gradually regained as the surge
reduces in strength and migrates further upstream.
Consequently, lenticular sets are structureless
(massive) at the base, and grade vertically into
more stratified deposits.
The architecture of breaking antidune deposits is characterised by stacked laminasets with undulating boundaries and internal laminae that join
set boundaries tangentially (Fig. 8B-D). Compared
to the deposits of non-breaking antidunes, deposits of breaking antidunes show a larger variety of
dip directions. It is possible to distinguish bundles
of laminasets corresponding to cycles of breaking
antidunes (for example 40-250 s; Fig. 8, shown in
blue). They consist of thicker, undular laminasets
consisting of laminae with a variable dipping directions. Sets are overlain by more regular, thinner laminasets consisting of backset laminae. The
more wavy basal sets represent surges triggered by
waves breaking on the leading antidunes. Often
the first breaking waves of an antidune train trigger the most violent surges that travel farthest upstream, and are most likely to form foreset laminae
or laminae conformable to set boundaries, which
therefore are most likely found at the base of sets.
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Antidunes breaking violently are then followed by
more tranquil antidunes, which are reflected by
more regular laminasets composed of subhorizontal backsets. Images (Fig. 7A, t8-9) show that nonbreaking antidunes follow the breaking antidunes
described above. Deposits of non-breaking antidunes are poorly preserved, because they are more
likely to be eroded by the chute at the end of the
breaking antidune train, even at high aggradation
rates (0.5 mm/s).
Successive time lines of bed development
are plotted ( each 4 s) in Fig. 8B-D; The wider
separation of time lines, as seen in the wavy basal
deposits, implies high aggradation rates due to
massive fall-out of sediment behind the surge in
the absence of traction. This makes the internal
structures indicated by the time lines at the base
of wavy layers less likely to be recognizable in
the deposit. As surges slow down and start to be
flushed downstream (negative surge), traction is
restored (Fig. 4B), making the internal structure
at the top of wavy sets more recognizable. Wavy
basal laminasets thus consist of less pronounced
laminae that tend to form foresets or boundaryconformable sets, grading vertically into more pronounced backsets.
Higher aggradation rates lead to better preservation of the entire breaking antidune sequence,
from the development of basal wavy sets to subhorizontal backset beds at the top. The convex
bounding surfaces at the top of wavy sets are also
better preserved at higher aggradation rates. Similar to antidune deposits, thicker sets have laminae
dipping at higher angles and are characterised by
greater lateral continuity than those formed at
lower aggradation rates.
4.3.  Chutes-and-pools

Morphodynamics.
Run 14 (D50=350 μm,
Q=302.3m2/h, Fr90=1.62) is characterised by higher
Fr90 in comparison to the runs described above,
and shows the formation of more pronounced
trains of breaking antidunes and chutes (chutesand-pools). As described above, in case of breaking
antidunes, positive surges slowed down and were
flushed back downstream (negative surges) over a
more or less restored flat bed, before starting a new
cycle. By contrast, in the presence of chutes-andpools (Fig. 4C), positive surges slow down and
form a hydraulic jump (temporarily stationary;
Fig. 9A, t1-t2) until they are gradually replaced by
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a supercritical flow initiating a new surge (t3-t4).
A positive undulating relief is locally built up by
massive settling of suspended sediment downstream
of the hydraulic jump. Such rapid aggradation, in
turn, further limits the flow depth and forces a
return from a hydraulic jump to supercritical flow
conditions (t2). The reinstated supercritical flow
starts to break again over a wavy bed to form a
new surge, thus repeating the process (t3).
Although the process transition between
breaking antidunes and chutes-and-pools is gradual, some clear distinctions can be made. First,
as mentioned above, surges are no longer flushed
downstream, probably due to the rapid build-up
of localised sediment accumulation directly downstream of the surge (t1-t2). Secondly, the undulating relief, formed by massive sediment fall-out directly behind surges or hydraulic jumps, replaces
the leading breaking antidunes which were strongly associated to free surface waves.
Compared to breaking antidunes (Fig. 7B),
chutes-and-pools (Fig. 9B) show a dominance of
longer cycles (chutes-and-pools) over short-wavelength cycles (antidunes). Strongly erosive chutes
are directly followed by strong aggradation downstream of hydraulic jumps or surges. Between
these chute-and-pools slowly aggradion occurs
below antidunes and less strong surges. The sawtooth signal in Froude number (Fig. 9C) is more
pronounced than in the two former antidune
cases (Fig. 5-7C) and can be subdivided into an
upstream, mainly subcritical part, followed downstream by an almost uninterrupted supercritical
part, although superimposed smaller fluctuations
remain numerous. Comparing the morphological
evolution of sedimentary interfaces over full runs
of breaking antidunes and chutes-and-pools shows
a similar periodicity (~200 s), but the smaller antidune amplitudes (~0.02 m) become smaller relative to the larger chute-and-pool amplitudes (~0.1
m; Fig. 9B).
Due to the hydraulic jumps and subsequent
subcritical flow regions, the Fr50 here (Fr50= 1.19)
is not much higher than for breaking antidunes
(1.09), while the Fr90 has increased from 1.34
to 1.62 (Fig. 9E). The power spectrum also does
not change significantly (Fig. 9F): a sharp peak
at 200 s for chutes-and-pools coincides with the
one identified in the power spectrum for breaking antidunes, although its peak is much sharper.
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The strong wavelength prevalence at 200 s can be
noticed from Figure 9B, where a longer-period
chute-and-pool (t= 70-450 s) starts to split into
two smaller ones by development of a chute in the
middle (220 s). A secondary peak, arising at ~80 s,
is harder to interpret, but possibly it corresponds
to some of the superposed antidunes found on the
stoss side of the chute-and-pools.
Sedimentary structures. Deposits formed by chutesand-pools (Figs. 4C, 9A and 10) represent a
continuation of the trend seen at the transition
from antidunes to breaking antidunes. The wavy
geometry of set boundaries is enhanced and
lenticular sets dominate the sequence, with the
thicker laminasets showing more variability in the
dip of laminae. The variability is ascribed to the
stepwise migration of the surge (Fig. 9A). As the
surge moves upstream (t3), its velocity decreases
and instead of being flushed downstream the surge
converts into a stationary hydraulic jump (t1, t45). Just downstream of the hydraulic jump (t1-2,
t4-5), thick lenticular beds are formed, which are
structureless in their basal parts having formed
under conditions of rapid suspension fall-out
rate and the absence of traction (t1, t4). As local
aggradation forces the flow to reaccelerate over
the lens (t2, t5), the top of the lenticular unit is
reworked into foreset laminae (t5) by tractive
sediment transport. As the leading edge of the
chute-and-pool migrates further upstream, the
interstratified layer of lenticular sets is draped by
a swaley-like stratified layer formed by traction
in an accelerating flow. At the crest of the chuteand-pool the flow is supercritical and only slightly
depositional, leaving behind regular antidune
backsets (t9). Eventually, all sediment is reworked
by the chute (t10).
The overall structure, when developed under high aggradation rates, closely resembles hummocky-cross stratification. However, synthetic aggradation sequences (Fig. 10B to D) suggest that
preservation of an entire chute-and-pool structure
in the rock record is very unlikely. Basal wavy sets
are dominant and the wide spacing between time
lines indicates that most of the preserved sediment is deposited by rapid particle fall-out, resulting in structureless, lenticular sand lenses. The
thicker undulatory sets show again a variety of dip
directions, whereas thinner ones are mainly represented by backsets. Dip directions grade verti-
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Fig. 9. Morphodynamics of chutes-and-pools; set up and methodology identical to Figure 5. (A) Stills of video images; arrows
indicate flow direction. (B) Time series of migrating chutes-and-pools. (C) Plot of the Froude number. (D) Graph of the bed
interface (solid black line) and free flow surface (dashed blue line) is comparable to B, but for the full length of the run. (E)
Distribution of Froude number over the entire flow. (F) Plot of the power spectrum of both the sediment bed interface (black
solid line) and the free flow surface (dashed blue line) calculated by Fourier transformation of interface time series.

cally from backsets (related to the surge stage) to
boundary-conform (hydraulic-jump stage), ending in reworked foresets (supercritical flow stage),
and thereby showing an opposite trend to that observed under breaking antidunes (foreset-bound-

ary conform-backset).
With increasing aggradation rate, greater
portions of the structural sequence are preserved,
producing thin, swaley-like sets between lenticular units. The preservation potential of the convex
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Fig. 10. Results of experiments on chutes-and-pools. (A) Depth variations of sediment bed interface and free flow surface plotted against time. (B) to (D) Sedimentary structures developed by the flow in (A), constructed through synthetic aggradation;
flow is from right to left; run times indicated on the left correspond to the horizontal time axis in (A). Synthetic aggradation
rates vary from 0.05 mm/s in (D) to 0.5 mm/s in (B).

tops is severely limited at low aggradation rates. At
the lowest aggradation rates adopted here, many
lenticular sets are replaced by stacked internal
scours, which prevent the recognition of the hummocky-like chute-and-pool sequences. At higher
aggradation rates (0.25 & 0.5 mm/s), chute-and-

pool sequences (t= 40-220 s, shown in blue) can
be recognizable by more continuous, erosional
surfaces at the scale of antidune dimensions. The
lowest aggradation rate also confers a more massive character to the deposits due to preferential
preservation of the basal wavy sets.
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4.4.  Cyclic steps

Morphodynamics. From chute-and-pool conditions, a slight increase in flow energy will trigger
the formation of bedforms known as cyclic steps
(Parker, 1996; Kostic, 2010; Cartigny et al.,
2011). Cyclic steps are bedforms in which the flow
plunges over lee sides that steeply dip downstream,
passes through a hydraulic jump in the troughs,
and reaccelerates over stoss sides that gently dip
upstream (Fig. 4D). Since sediment is deposited
mainly on the stoss sides, internal structures consist
of backset laminae onlapping onto the inclined lee
sides. Prevalent erosion over the lee side and in
the trough forces an upstream migration of these
bedforms. Run 9 (D50=350 μm, Q=257.5 m2/h,
Fr90=2.18) shows a further increase in Fr90 values,
leading to different hydraulic jump dynamics
and thereby to the transformation from chutesand-pools into cyclic steps. Hydraulic jumps in
chutes-and-pools generally migrate upstream in
a stepwise manner, whereas in cyclic steps they
migrate at more or less stable rates and remain
fixed in their position relative to the associated
bedform (Fig. 11B; t1,t6,t10,t14). In the wake of
the hydraulic jump, particles settle rapidly from
suspension, producing massive deposits just as in
chutes-and-pools; however, the hydraulic jump
is no longer directly influenced by these deposits
because it migrates continuously upstream away
from the point of greatest deposition. The process
is shown in Figure 11A, where a hydraulic jump
migrates upstream (t1) directly followed by a
suspension cloud (t2). The deposits that follow the
hydraulic jump aggrade progressively and force
the subcritical flow to accelerate (t4-t5). As the
flow accelerates and becomes erosive, it erodes the
chute (t5) leading to a successive hydraulic jump,
where the process is repeated (t6-t10). The overall
morphology of the cyclic step (Fig. 11B) shows
that, although the process is fairly regular, the
position of the hydraulic jump between individual
bedforms varies. At some cyclic steps the hydraulic
jump is located on to the lee side (‘submerged
hydraulic jump’) (80, 400, 500 s), whereas other
cyclic steps present hydraulic jumps in the deepest
part of the trough (100, 300, 550, 650, 700, 800
s).
Froude numbers show a much more regular
pattern than measured for breaking antidunes and
chutes-and-pools. Observed fluctuations are very
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small, since irregular surges have been replaced by
steadily migrating, stable hydraulic jumps with
long stretches (long periods) of subcritical flow
downstream of the jump, where the median Froude
number is notably reduced (Fr50=0.95). However,
Fr90 (2.18) is still higher than in chutes-and-pools
(Fr90=1.62). The power spectrum of cyclic steps
(Fig. 11F) is dominated by periodicities of ~100
s, considerably less than in chutes-and-pools (200
s). This could be the result of: 1) the considerably
lower discharge (Cartigny et al., 2011) required for
obtaining cyclic steps small enough in amplitude
to prevent erosion down to the flume floor; and
2) significantly enhanced erosion with increasing maximum Froude numbers, leading to higher
bedform migration rates. The amplitude of cyclic
steps varies over time (Fig. 11B and D). Considering the two cyclic steps around ~800 s (Fig. 11B),
it seems that high Froude numbers along the chute
of cyclic step at t= 800 s reduce the wavelengths
of the cyclic step immediately downstream, since
high Froude numbers are conjugated to lower subcritical Froude numbers by the hydraulic jump.
Sedimentary structures. The deposits of cyclic
steps consist of very elongated, generally concave
lenses that truncate each other at low angles (see
also vertically exaggerated Fig. 4D). Internally,
backset laminae consist of structureless basal
layers, formed from direct particle fall-out below
the hydraulic jumps, grading vertically into more
stratified backsets. Lamina thickness and dip are
proportional to sedimentation rate, forming thick
structureless bases that grade upwards into more
gentle stratified laminae (t4-5, t8-9). The elongate,
concave basal boundaries are related to variations
in incision depth of the trough and subsequent
stacking of cyclic steps.
Synthetic aggradation sequences show that
structures are generally continuous, but interrupted by nested, elongate internal scours of much
larger scale than shown on the images used to
construct the sequences (Fig. 12). The erosional
basal surfaces trace variations in incision depth of
the trough through time. Erosional surfaces commonly start upstream with relatively steep angles,
and extend downstream with a more gentle dip
upcurrent, forming a curved, spoon-shaped geometry which indicates that incision depths change
through time as bedforms migrates.
Timelines in Figure 12B-D have been traced
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at closer intervals (2 s) than in previous runs (4 s)
in order to ensure the stacking of enough timelines
to produce a reasonably clear structure. Notwithstanding these shorter time intervals, the vertical
spacing of these lines is large, showing that the
laminasets form under even higher local deposition
rates than in previous bedforms. This makes traction stratification even more uncommon. Where
laminae are visible, they are likely to consist of
backsets, although some boundary-conformable
sets and foresets are observed. This geometric variability probably results from the distance between
the deepest part of the trough and the position
of the hydraulic jump. If the deepest part of the
trough is close to the hydraulic jump (Fig. 11A;
t1, t6), as is the case for flushed and normal jumps
(Fig. 2B), backset laminae are formed (t3,t8). In
case of submerged hydraulic jumps (t10, t14), the
distance between the jump and the deepest part of
the trough is much larger, which causes sediments
to drape the trough and to form laminae conformable to the lower boundary (t12-13). The position
of the hydraulic jump relative the geometry of
the cyclic step is controlled by flow thickness, by
the height of the stoss side pushing the hydraulic
jump upstream, and by the kinetic energy of the
flow along the bedform lee side pushing the hydraulic jump downstream. Cyclic steps with low
amplitudes generally have hydraulic jumps close
to the point of maximum scour, while increasing
bedform amplitudes tend to submerge the hydraulic jump on the lee side, producing more draping
geometries and boundary-conform laminae.
The role of aggradation rate is less pronounced in cyclic step bedforms in comparison
to the other bedformds. Thinner units form in response to low aggradation rates and are more elongate than those formed at high aggradation rates,
which makes them difficult to distinguish from
other bedforms. Dip angles are also reduced at low
aggradation rates, because of the tangential toes
of laminae. Furthermore, high aggradation rates
are more likely to preserve backsets on top of the
structureless basal layer.
5.   Stability diagram

Most existing bedform stability diagrams span
the range from lower-stage flat beds to antidunes
(Southard & Boguchwal, 1990; Simons et al., 1965;
Van den Berg & Van Gelder, 1993). The stability

diagrams of Southard and Boguchwal (1990) and
Van den Berg and Van Gelder (1993; 1998) are
used to include the data presented here. Southard
and Boguchwal (1990) referred to average grain
size and average flow velocity to produce stability
diagrams for specific ranges of flow depths and
fixed temperature. Van den Berg and Van Gelder
(1993) used a dimensionless grain-size parameter
(D* , introduced by Bonnefille, 1963) and a
mobility parameter related to the grain roughness
θ ’ ; (Van Rijn, 1984) to span a stability diagram.
Simple inclusion of supercritical-bedform
data into one of the existing bedform diagrams is
not obvious due to strongly fluctuating flow conditions over the bedforms. For bedforms in the
subcritical regime, flow properties can be plotted reasonably well against averaged flow velocity
(for fixed water depth), mobility parameter, averaged Froude number and grain size. However, in
the supercritical regime, particularly strong fluctuations in flow velocity and decreasing median
values resembling increasing flow energies over
supercritical-flow bedforms hinder such an approach. Following the Fr90 definition, also peak
velocities (U90 ), minimum flow depth (h10 ) and
mobility parameters (θ’90 ) need to be considered,
and are calculated according to Van den Berg and
Van Gelder (1993) using the 10th percentile flow
depth (h10 ) and 90th percentile velocities (U90 ):

ρU902
θ’90 = ( ρ ρ) (C’ ) 2 D
50
90
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(1)

with ρs being the density of the grains, ρ the density
of the fluid, and with
C’90 = 18 log
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The data in Table 1 are plotted (in black)
in two stability diagrams (Fig. 13). The diagram
of Southard and Boguchwal presented in Fig. 13
is valid for flow depths between 0.06-0.1 m and
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Fig. 11. Morphodynamics of cyclic steps; set up and methodology identical to Figure 5. (A) Stills of video images; arrows indicate flow direction. (B) Time series of cyclic steps migrating upstream. (C) Plot of the Froude number. (D) Graph of the bed
interface (solid black line) and free flow surface (dashed blue line) is comparable to B, but for the full length of the run. (E)
Distribution of Froude number over the entire flow. (F) Plot of the power spectrum of both the sediment bed interface (black
solid line) and the free flow surface (dashed blue line) calculated by Fourier transformation of interface time series.

a temperature of 10 0C. The original diagram of
Van den Berg and Van Gelder (1993) is valid only
for subcritical flows. However, the supercritical
domain can be visualised by cross-cutting lines
for each unique combination of flow depth and
flow velocity (Van den Berg & Van Gelder, 1998).
In the present analysis, unity Froude numbers are

added that apply to flow depths between 0.060.1 m. At field scale the supercritical part of the
diagram will shift upwards allowing for larger subcritical regions, since larger velocities and mobility parameters are needed to achieve supercritical
flows at larger flow depths. An additional line for a
unity Vedernikov number is added in the diagram
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Fig. 12. Results of experiments on cyclic steps. (A) Depth variations of sediment bed interface and free flow surface plotted
against time. (B) to (D) Sedimentary structures developed by the flow in (A), constructed through synthetic aggradation; flow
is from right to left; run times indicated on the left correspond to the horizontal time axis in (A). Synthetic aggradation rates
vary from 0.05 mm/s in (D) to 0.5 mm/s in (B).

of Van den Berg and Van Gelder (Fig. 13) in order
to indicate the area that separates the supercriticalflow region into stable (Fr >1,Ve <1) and unstable
(Fr >1,Ve >1) domains. Previously published data
on supercritical bedforms in experiments with
flow depths between 0.05 and 0.11 m are included
in gray (Fig. 13). These data commonly do not indicate values of h10 and U90, necessary to calculate

and plot θ’90. To enable calculations of θ’90, averaged flow depths (h50 ) and velocities (U50 ) are
converted to h10 and U90 by using ratios U50 /U90
and h10 /h50 for each bedform, derived from the experiments presented here (Fig. 14B). If D90 grain
sizes was not indicated in the literature, D90 =3*D50
was assumed and temperature was set at 20 °C; by
fixing water viscosity on ν =1.005*10-6 m2/s.
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Fig. 13. All performed runs are classified according to main developed bedforms and plotted (in black) into two stability diagrams. The diagram on the left is from Southard and Boguchwal (1990; for a water temperature of 100C), and the one on the
right from Van den Berg and Van Gelder (1998). Two solid blue lines are included in the diagram by Van den Berg and Van
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265 μm, this study; 280 μm, Guy et al. (1966); 300 μm, Gilbert (1914); 350 μm, this study; 360 μm, Gilbert (1914); 420 μm,
Alexander et al. (2001); 450 μm, Guy et al. (1966); 520 μm,Gilbert (1914); 550 μm, Kennedy (1961).

Both stability diagrams (Fig. 13) show the
transition from upper-flow-regime plane bed,
through antidunes and chute-and-pools, to cyclic steps as flow energy increases. The stability
diagram built on the mobility parameter, however,
indicates sharper boundaries between different
bedforms than in the stability diagram built on
velocity, probably as a result of the diagram being
non-dimensional. The onset of the stability fields
for upper-stage plane bed is clearly distinct in both
diagrams (Fig. 13) for Froude numbers between
0.84 and 1, followed by antidunes as flows become
supercritical. For fine and medium sand the transition to unstable bedforms (chutes-and-pools and
cyclic steps) is well defined for Vedernikov numbers around unity (Fr≈1.7-2). For coarse sand the
transition to unstable flows start to deviate from
Ve=1 and occurs only at higher flow energy. In fine
sand, a slight increase in flow energy transforms
antidunes almost directly to cyclic steps, while
for the coarser grain sizes this transition is more
gradual, thus expanding the transitional phase of

chutes-and-pools and breaking antidunes. The final transition from chutes-and-pools to antidunes
occurs around mobility parameters of ~3. To gain
more insight into the transition, the data is plotted against the mobility parameter (horizontally)
and the Froude number (vertically) in Figure 14A.
Here upper flat bed and antidunes differ from
chutes-and-pools and cyclic steps in their relation to the Froude number. The formation of flat
beds and antidunes is well correlated to Froude
numbers, indicating a mechanism mainly related
to fluid properties, rather than grain size. This is
in contrast to the unstable bedforms (chutes-andpools and cyclic steps), which form almost independently from Froude numbers, but for which a
rather clear distinction is seen on the basis of the
mobility parameter, pointing to a more important
role for particle and flow interactions (see discussion below).
The overall changes in hydraulic jump
strength, as described in the section on morphodynamics, are confirmed by Figure 14C, where the
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Fr 90 [-]

ratio h90 /h10 is plotted against Fr90. Figure 14C
shows that the ratio of flow depths, indicative of
hydraulic jump strength, increases while going
from antidunes to chutes-and-pools and spans a
range from undular jumps to oscillating jumps.
The data gives a reasonable fit with the theoretical relation of conjugated depth (Fig. 14C, drawn
in blue, α = 0°) as a function of incoming Froude
number (as shown in Fig. 1). The transition from
chutes-and-pools to cyclic steps indicates a decreasing conjugated depth ratio. This can be explained
by the increasing importance of the break of slope,
which forces a change from normal jumps to sub2.5

merged jumps. Empirical relations for submerged
hydraulic jumps on slope breaks point (Fig. 14C,
drawn in blue, α =5-15°) to decreasing conjugated
depth ratios with increasing break of slope angles
(α, Hager, 1992).
6.   Grain-size effects

Two effects of grain size on the morphodynamics
of supercritical-flow bedforms have been observed,
within the range used here (160 to 350 μm). First,
a grain size effect is observed at the onset of cyclic
step bedforms as shown in Fig. 13; this will be
discussed below in the section dedicated to bedform
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Fig. 14. (A) Values of Fr90 plotted against θ’90 for all data points; data trends in upper-stage plane beds and antidunes versus
chutes-and-pools and cyclic steps are indicated by solid blue lines. (B) Ratios U50/U90 and h10/h50 plotted per bedform: upperstage plane beds (1.0), antidunes (0.9), chutes-and-pools (0.8) and cyclic steps (0.6). These ratios are used to translate U50 and
h50 indicated in the literature to U90 and h10 necessary to plot this data in figure 13. (C) Comparison between the ratio h90/h10
(here interpreted as a ratio of conjugated depths h2/h1) and theoretical and empirical data for hydraulic jumps on horizontal
beds and submerged jumps on slope breaks of angle α (Fig. 2B; Hager, 1992).

42

Chapter

morphodynamics. Additionally, there are effects of
grain size on the geometry and formative processes
of cyclic steps. Figure 15 compares two cyclic steps
formed at similar Froude numbers (Table 1), one
in fine sand (D50=160 μm; top panel) and one
formed in medium sand (D50=350 μm, bottom
panel). Cyclic steps in fine sand show more gentle
stoss sides and considerably steeper lee sides
than those developed in coarse sand. The coarsesand run has a higher mobility parameter (Table
1) due to higher discharge, but most sediment
settles quickly downstream of the hydraulic jump,
whereas the settling rate of fine sand is lower, and
is more continuously distributed over the whole
stoss side. The longer transport distance of the fine
sand results in more gentle stoss sides due to the
uniform distribution of grains deposited over the
stoss side.
Deposition on the stoss sides of fine-grained
cyclic steps commonly takes place from direct
sediment fall-out in the proximity of the hydraulic jump and from traction carpets further downstream, as traction is gradually restored on the bed.
As shown in the panoramic image taken during the
fine-sand run (Fig. 15A), the top interface of the
traction carpet strongly fluctuates over time (plotter horizontally). Pulses of suspended sediment
from the hydraulic jump settle to form traction
carpets that strongly vary in thickness depending
on the sediment fed from the hydraulic jump and
the deposition rate below the traction carpet on

A.

Run 1, cyclic step fine sand

2

the stoss side of the bedform. By contrast, deposition on coarse-grained cyclic steps mainly takes
place directly downstream of the hydraulic jump,
forming the steepest part of the stoss side, followed
quickly by minor aggradation from continuous
bedload transport over the remaining portion of
the stoss side. These distinctive processes result in
different deposits. Structureless fine sand is deposited from direct particle fall-out immediately
downstream of the hydraulic jump (Postma et al.,
2009), dowstream grading into traction carpet
deposits which are known to be characteristically
faintly banded (Lowe, 1982; Postma et al. 1983;
Sohn, 1997). On the other hand, continuous deposition of coarser sand will produce a transition
from structureless hydraulic jump deposits to thinner, plane parallel beds.
Besides the gentler stoss sides, cyclic steps
in fine sand are characterised by steeper lee sides
than those observed in the runs with the coarser
sand sometimes well above the angle of repose
(Fig. 16A). In the absence of sediment cohesion,
such steep slopes under fast flows are often related
to shear dilatancy (Meyer & Van Os, 1976; Van
den Berg et al., 2002, Mastbergen & Van den
Berg, 2003). At high shear stresses over beds of
low permeability, bed deformation is associated
with negative pore pressures within the sediment
bed, allowing the formation of slopes beyond the
angle of repose (Meyer & Van Os, 1976). Conditions like this replace grain-to-grain erosion by
Flow direction

Traction carpets
of variable thicknesses

B.

0.1 [m]

Run 9, cyclic step medium sand

0.1 [m]

continuous
bedload
transport

time

Fig. 15. (A) On the left, panorama of a cyclic step developed during run 1, in fine sand; on the right, an image of the flow over
the stoss side of the same cyclic step, showing strong stratification in sediment load (traction carpet). (B) On the left, panorama
of a cyclic step developed during run 9, in medium sand (detail of Fig. 11B); on the right; an image of the flow over the stoss
side of the same cyclic step, showing continuous bedload transport. In all images, flow direction is from the left to the right.
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progressive slide failures (Van Rhee & Bezuijen,
1998), which transform downslope into slumps
and fluidised flows, as frequently observed on the
steep lee sides of cyclic steps in fine sand. Figure
16A shows a sequence of images that captures
this process. First, the lee side of the cyclic step
steepens (t1-2), triggering a small-scale slide failure
(t3-4). Part of this failure disintegrates into a dense
suspension cloud, while the remaining sediment
transforms form a slide to slump forming a convex feature in the adjacent trough (t4-6). As erosion continues on the lee side, the slump deposit
becomes isolated from the lee side, is overrun by
the hydraulic jump and is draped by suspension
fall-out (t7-8). As the flow continues, a lensoidal
slump deposit is aggraded by more regular backsets (t9-10). These slump deposits are highlighted in
gray in the synthetic aggradation profile of Figure
16C, where spoon-shaped laminasets similar to
those developed in coarse sand are interstratified
with ‘banana-shaped’ slump deposits.
7.   Morphodynamic relations of supercritical
flow bedforms

The experiments indicate that antidunes and cyclic
steps represent the main bedforms associated
with supercritical flows. Based on their similar
periods and gradual changes in morphodynamics,
breaking antidunes and chutes-and-pools are
interpreted as intermediate stages along the
transition between antidunes and cyclic steps.
Periodic fluctuations characteristic for antidune
dynamics are still dominant in flow and bed
configurations of breaking antidunes (cf. Fig.
7C), but superimposed low-amplitude, longer
wavelength fluctuations are observed, with
periodicities characteristic of incipient cyclic
steps (200 s). Antidune periodicities are also
recognizable in chutes-and-pools, which however
clearly show period fluctuations more similar to
cyclic steps (cf. Fig. 9C). These observations show
a remarkable analogy with instabilities observed
in unstable supercritical flows over non-mobile
or poorly mobile beds, which initially develop
small free-surface waves comparable to antidunes
in mobile beds; upon breaking, such waves merge
and grow into periodic surges (known as roll waves;
Brock, 1969; Karcz & Kersey,1980) similar to the
periodic hydraulic jumps observed in cyclic steps.
It is thus possible that antidunes represent an
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incipient stage in the development of cyclic steps,
and that both phenomena are different expressions
of a single form of instability.
Considering therefore antidunes and cyclic
step as main bedforms for unidirectional supercritical flows, three possible morphodynamic relationships can be examined: 1) antidunes form as a
primary, independent phenomenon, and only later develop into secondary cyclic-step instabilities
as flow conditions evolve; 2) cyclic steps are the
primary form of flow instability, initially forming
through the emergence of small-amplitude, longwavelength bedform perturbations which trigger
antidune trains; 3) the two flow instabilities are
physically unrelated. To gain further insight into
these possible relations, driving mechanisms for
both bedforms are discussed in more detail below.
Both the analogy between deep-water
(wavelength >> water depth) free-surface waves
and antidunes (Kennedy, 1961) and the distinctive Froude-related onset of antidunes point to
wave-induced fluctuations in bed shear stress as
the cause of antidune formation. Cyclic steps are
characterised by a typical saw-tooth pattern in
Froude number and bed configuration; increasing Froude numbers lead to high rates of erosion
and steep bedform lee sides, while sudden drops
in Froude number (hydraulic jumps) are followed
by protracted deposition leading to gently dipping
stoss sides. The origin of the cyclic step instability
thus seems to lie in the imbalance between almost
instantaneous increasing erosion rates at higher
bed shear stresses, in contrast to the delay time
between decreasing shear stresses and deposition
rates due to the time needed for the sediment to
settle to the bed and trigger the migration of the
stoss side.
Delays between changes in flow properties
and sediment transport rates have been fundamental to understand the dynamics of bedforms
using stability analyses. The distance required to
adjust sediment transport rates to changes in flow
properties is expressed as lag distance (Kennedy,
1963,1969; Parker, 1975; Engelund,1970; Fredsøe, 1974; Coleman & Fenton, 2000; Colombini,
2004; Colombini & Stocchino, 2005; Seminara,
2010). These analyses show that the migration direction of antidunes is determined by the associated lag distances. Determinations of theoretical lag
distances have been previously limited to lengths
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shorter than antidune wavelength; this is a valid
approach when antidunes are the only object of
study, but not if instabilities at scales beyond that
of antidune wavelengths are studied, as is the case
here.
The sawtooth signal in Froude number and
bed interface, which represents the lag distance
typical for cyclic steps, is seen in all supercritical
bedforms (Fig. 5C, 7C, 9C and 11C), although
superimposed antidune fluctuations become more
and more pronounced at lower flow energies. This
seems to hint at the possibility that antidunes are
the primary bedforms related to flow instabilities
caused by free-surface waves of supercritical flows.

With increasing energy and increasing difference
between Fr90 and Fr50, these instabilities trigger
longer, incipient cyclic-step instabilities as lag distances start to exceed antidune wavelengths, thereby introducing the sawtooth shapes in the Froude
signals.
On the basis of the data and analysis presented here, antidunes are likely to represent the
primary bedform type for supercritical flows and
to develop, through intermediate stages (breaking
antidunes and chutes-and-pools), into larger-scale
instabilities characterised by regularly spaced hydraulic jumps. Recent numerical work, however,
has shown that cyclic steps could be considered
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Fig. 16. Dynamics in the formation of sedimentary structures from cyclic-step bedforms. (A) Series of video images showing
the development of sedimentary structure formed by slump failures on the steep lee side of a cyclic step formed during Run
1. Time t, indicated in white, corresponds to the times indicated in the panorama-view in B; flow direction is from the right
to the left. (B) Panorama of an active cyclic step in fine sand, showing a sequence of slumps developing on the lee side. The
flow pattern is indicated by white arrows. (C) Synthetic sedimentary structures developed over the first 2000 s of Run 1, with
an aggradation rate of 0.5 mm/s. ‘Banana-shaped’ deposits related to slump or liquefied flow, either internally deformed or
structureless, are highlighted in dark gray.
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the primary instability for flows exceeding Fr=1
(Balmforth & Vakil, in press). These numerical
simulations revealed secondary instabilities that
resemble antidunes in wavelength and dynamics,
pointing to cyclic steps as the primary bedform.
Therefore, numerical simulations seem to suggest
that antidunes could be a secondary form of flow
instability triggered by variations in Froude number resulting from incipient cyclic steps. In the
framework of this alternative hypothesis, trains
of surface waves (antidunes) separated by areas of
upper-stage plane beds could be considered as undulating jumps on very low-amplitude, incipient
cyclic steps. This hypothesis has the advantage to
explain the initial variations in antidune amplitude
(trains), which remain unexplained by the first hypothesis above. However, our flume measurements
show that antidunes indeed form under continuous supercritical flow, which contradicts the second hypothesis. More detailed measurements over
time and along the entire flow length, instead of
measurements at fixed positions, are necessary to
further address this aspect.
8.   Implications for recognition in the rock
record

Sedimentary structures of supercritical-flow
bedforms have been observed in outcrops and
present-day environments from a wide range of
depositional settings, such as alluvial and fluvial
systems (Blair, 1999, 2000; Fielding, 2006, Van
den Berg et al., 2007), proglacial systems (Duller
et al., 2008), glaciolacustrine subaqueous fans
(Postma et al., 1983; Russell & Arnott, 2003;
Hornung et al., 2007; Russell et al., 2007), and
volcanic environments (Schminke et al., 1973).
Process interpretations of bedforms and structures
have been supported by previous experimental
work (Middleton, 1965; Hand, 1974; Alexander
et al., 2001; Yokokawa et al., 2010). Figure 17
provides a comparative overview of the most cited
outcrop examples and experimental work discussed
in the literature. Most of this work has recognised
antidunes and chutes-and-pools, but cyclic steps
started to be mentioned only recently (e.g. Duller
et al., 2008; Heiniö & Davies, 2009); due to a
lack of experimental work on their sedimentary
structures the recognition of this latter bedform
has been very uncertain so far.
Even though observations from this vari-
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ety of environmental settings differ substantially,
some general trends in facies architectures can be
recognised. Starting from cross-bedded foreset
beds associated with dunes and ripples in subcritical flows, and moving into higher energy settings,
the most adopted models indicate the following
stratal architectures: 1) subhorizontal plane beds;
2) scours filled with planar to sigmoidal foresets;
3) plane beds interstratified with lenticular bedding and a mix of foreset and backset bedding; 4)
lenticular bedding with pronounced convex-up
tops and associated backsets; 5) elongated lenticular bedding with crudely banded sediments, grading vertically or downflow into more distinctly
laminated deposits, 6) large-scale, steep-sided
scours with structureless basal infills, grading into
more crudely banded deposits. This sequence of
increasing flow energy is usually associated with
coarsening upward grain-size trends.
8.1.  Subhorizontal plane beds

Subhorizontal to low-angle planar stratification
with millimetric thickness and metre-scale lateral
continuity is well known to be characteristic for
upper-stage plane beds (Paola et al., 1989; Cheel,
1990; Best and Bridge, 1992). However, these
structures are very similar to those produced by
non-breaking antidunes under low aggradation
rates (Run 11, Fig. 6D), making their genetic
interpretation difficult. This ambiguity can be
expected not to occur under particularly elevated
aggradation rates, where enhanced preservation
allows for thicker laminasets in which the upstream
dip of laminae is more evident (see section
4.1.2.; Fig. 6B and C). Alternatively, plane beds
consisting of sandy-gravelly couplets have also
been interpreted as violent washout of breaking
antidunes immediately followed by reworking
under less turbulent conditions, based on both
field and flume evidence (Blair, 1999, 2000; Iseya
& Ikeda, 1987).
8.2.  Scours filled with planar to sigmoidal foresets

Scours filled with foreset laminae can be interpreted
as the product of downstream-migrating antidunes
(Barwis & Hayes, 1985; Cheel, 1990; Blair, 1999;
Duller et al., 2008) or of dunes with distinctly
rounded tops (humpback dunes) which are known
to form at flow transitions between dunes and
upper-stage plane beds (e.g. Saunderson & Lockett,
1983; Røe, 1987; Fielding, 2006). Downstream-
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Fig. 17. Sedimentary structures in the literature on supercritical-flow bedforms, from previous experimental work and outcrop
examples from alluvial (Fielding, 2006), proglacial (Duller et al., 2008) and volcanic settings (Schminke et al., 1973). The
bottom panel in the figure shows sedimentary structures associated to supercritical flows: sedimentary structures formed by
supercritical saline underflows over crushed coal beds (Hand, 1974), antidunes and chutes-and-pools formed by supercritical
flows on sand beds (Middleton,1965; Yokokawa et al., 2010; Alexander et al., 2001).

dipping laminae have also been related to rapid
downstream migration of asymmetrical bedforms
generated immediately after the breaking of
surface waves (Alexander et al., 2001); however,
the experimental data reported here suggest an
alternative explanation for the occurrence of foreset
laminae under supercritical-flow conditions. As
previously mentioned, basal laminasets from
breaking antidunes show variable dip, depending
on the extent of upstream migration of the positive
surge triggered by breaking waves. Sigmoidal
foresets here have been observed mainly in deeper
incisions (Fig. 7A, t1-4) related to the most violent
wave-breaking events, and thereby to surges
reaching farthest upstream. Low-angle sigmoidal

foresets produced by this mechanism tend to be
conformable to set boundaries (e.g. lenticular and
tabular bed sets of Duller et al., 2008; Fig. 17).
Higher aggradation rates allow the preservation
of thin subhorizontal laminasets deposited by
non-breaking antidunes (Fig. 7A, t8-9) on top of
more distinctly lenticular laminasets. Structures
derived from breaking antidunes should thus be
recognizable by their variable dip, in contrast to
the more distinct foresets of humpback dunes or
downstream migrating asymmetrical bed waves.
8.3.  Lenticular sets
conformable laminae

filled

with

boundary-

Lenticular units consisting of associated foreset and
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backset laminae are characteristic of both breaking
antidunes and chutes-and-pools (Middleton,
1965; Hand, 1974; Alexander et al., 2001;
Fielding, 2006; Duller et al., 2008). Chute-andpool deposits however can be distinguished from
those of breaking antidunes by their prevalent lack
of internal structure and lamination (Alexander et
al., 2001). Sedimentary structures described here
have confirmed these observations, and have shown
also that chutes-and-pools can produce convex,
conformable laminasets at high aggradation rates
(Fig. 10B and C).
8.4.  Lenticular sets with convex tops

Lenticular laminasets with convex tops have been
recognised in outcrops (e.g. Schminke et al., 1973;
Fielding, 2006), but less commonly in experimental
work. Alexander et al. (2001) observed some
convex laminae associated with stationary surface
waves. Our runs show that pronounced convextop laminasets are more common under high
aggradation rates, and that their curvature increases
at higher flow energies, reaching a maximum in
chute-and-pool structures. Outcrop examples of
convex laminasets (Fielding, 2006) indicate that
high aggradation rates should not be uncommon
under supercritical flows in natural settings, in
contrast to the commonly held opinion that such
flows should be expected to be mainly erosive or
non-depositional. The resemblance of breakingantidune bedforms and hummocky crossstratification has been previously discussed in the
literature concerning turbidity current deposits
(e.g. Pickering & Hiscott, 1985; Prave & Duke,
1990; Alexander et al., 2001; Mulder et al., 2009)
and is confirmed by our experiments to become
even stronger for chute-and-pool structures formed
under high aggradation rates, where sets of swaley
laminae are observed (Fig. 9, t5-7). Alexander et
al. (2001) suggested high-angle, downstreamdipping laminasets as a criterion to distinguish
hummocky cross-stratification from supercriticalflow bedforms. However, asymmetrical bed waves
migrating downstream have not been observed
during any of the experiments presented here.
8.5.  Elongated lenticular scours filled with crudely
banded sediment

Elongated, lenticular and spoon-shaped scours
filled by crudely banded sediments which grade
vertically or laterally into distinctly laminated
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deposits have been associated to chute-and-pool
structures or cyclic steps in outcrop observations
(Fielding, 2006; Duller et al., 2008). Experiments
by Yokokawa et al. (2009) showed that cyclic steps
form lensoidal units with low aspect-ratios filled
by both massive sand and backset laminae. These
descriptions match the observations reported here.
The internal geometry of these elongated units
varies with the flow processes associated with
cyclic step formation. Next to backset lamination
observed by Yokokawa et al. (2009) and in the
above experiments, laminae more distinctly
conformable to set boundaries were observed
in cases where the hydraulic jump is positioned
farthest upstream on the lee side of the cyclic
step, at its maximum distance from the trough.
Transitions of structureless deposits to crudely
banded or more distinctly laminated deposits
(see Postma et al., 1983, for examples) could
correspond to the formation of either collapsing
traction carpets or continuous bedload layers.
8.6.  Steep-sided scours with structureless basal fills
grading into crudely banded deposits

The preservation of steep-sided scours is often
associated to the infill of topographic depressions
or to flow scouring around obstacles (Massari,
1996; Duller et al., 2008). Our observations of
cyclic steps show that lee sides can acquire very
steep angles, due to the dilatant properties of
fine sand. However, the preservation potential of
such steep lee sides is very low, and topographic
depressions or obstacle scours seem then a more
likely interpretation. The steep-sided, U-shaped
channels with structureless basal fills were
explained by Postma et al. (1983) to originate
from local slumping and subsequent plugging by
the resultant liquefied sand flow; in a similar way
slumping processes observed in fine-sandy cyclic
steps (Fig. 16) could lead to the preservation of
steep-sided scours.
8.7.  Problems with bedform identification

As evident from both the experiments and the
above discussion, there are numerous architectural
similarities between the internal structures
of different supercritical-flow bedforms. The
basic elements that combine to produce the
geometries of antidunes, chutes-and-pools and
cyclic steps under variable aggradation rates are
low-angle laminae and truncations, foreset and
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backset laminae, various types of internal scours
and crudely banded or massive domains. In
particular, the experiments discussed here have
demonstrated a general convergence of internal
stratal architectures for supercritical-flow structures
produced under low aggradation rates (see figures
6D, 8D, 10D and 12D), due to a prevalence of
laminae tangential to set boundaries at their basal
terminations. At progressively higher aggradation
rates, the differences between internal geometries
appear more pronounced (see figures 6B, 8B, 10B
and 12B), due to enhanced preservation of the
upper portions of laminasets. This has important
implications for the potential recognition of
supercritical-flow bedforms at outcrop scale, since
the possibility to distinguish between different
structures and the relative flow conditions is
probably related to scale relations between bedform
size in the original flow, aggradation rate, and
outcrop extent. For example, cyclic steps have been
recently recognised in seismic records in several
studies of recent and active submarine turbidite
systems (e.g. Fildani et al., 2006; Cartigny et al.,
2011; Kostic, 2011). Given the great wavelength
of bedforms in these systems, in the order of
kilometres, it would be practically impossible to
identify such structures and the associated genetic
processes in common outcrop conditions, where
simple inclined plane bedding would be the only
possible observation. This potential ambiguity in
bedform recognition is exemplified also by the
fact that the internal structures of supercriticalflow bedforms, especially chutes-and-pools, have
often been observed to resemble hummocky crossstratification (HCS), as noted by other authors (e.g.
Alexander et al., 2001), due to the abundance of
low-angle tangential laminasets in HCS structures.
As noted above, various field-based studies have
raised the issue of recognition and interpretation
of HCS-like structures in turbidite successions
(Prave and Duke, 1990; Mutti et al., 1996; Myrow
et al., 2008; Mulder et al., 2009). In such cases, the
recognition of chute-and-pool structures and their
distinction from hummocky cross-stratified facies
should be based also on the recognition of other
supercritical-flow structures within the same facies
associations, based on the reasonable assumption
that fluctuating flow conditions should have led to
formation also of breaking antidunes, and possibly
of cyclic steps.
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9.   Conclusions

This work provides new insights into the dynamics
of supercritical flows over well-sorted beds of fine
to medium sand and their interactions with related
bedforms. Detailed time series of surface waves and
bedforms have shown that antidunes, breaking
antidunes, chutes-and-pools and cyclic steps are
mutually transitional bedforms. The experimental
data indicate antidunes to be the product of primary
supercritical-flow instabilities. With increasing flow
energy, primary instabilities gradually transform
into longer-wavelength flow instabilities, called
cyclic steps. Classical bedform stability diagrams
have been expanded to include the various kinds
of supercritical bedforms observed under different
flow conditions. A clear Froude-related threshold
has emerged for the onset of antidunes, whereas
a Vedernikov-related threshold has been identified
for the onset of much larger, composite chute-andpool bedforms. The final transition to cyclic steps
is best defined by a modified particle mobility
parameter, which indicates a dominant role for
flow-particle interactions. Grain-size variations
in the adopted range of sands do not play a key
role in the morphodynamics of supercritical-flow
bedforms, except for cyclic steps, the geometry of
which changes with grain size because of associated
changes in the settling velocity of sediment and
because of the variable dilatancy effects along
dipping bedform slopes.
Sedimentary structures of supercritical-flow
bedforms have been reconstructed under variable aggradation rates and extracted from flume
datasets by means of a synthetic aggradation technique. The observed structures compare well with
models of supercritical-flow bedforms reported in
the literature; however, variable rates of aggradation are shown to have a pronounced impact on
the geometry of sedimentary structures and on the
potential for their recognition in outcrop studies.
When possible, aggradation rate should thus be
taken into consideration as an important additional parameter in the interpretation of supercriticalflow bedforms.
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Concentration-dependent flow stratification in experimental high-density turbidity currents and their relevance to turbidite facies models
Matthieu J.B. Cartigny, Joris T. Eggenhuisen, Ernst W.M. Hansen and George Postma
Abstract

High-density turbidity currents exhibit internal density stratifications. In the basal part of
these stratified flows, high-sediment concentrations cause rheological deviations from the
Newtonian turbulent flow that dominates clear water and low density conditions. Previous
studies have distinguished different types of basal layers on the basis of concentrationdependent differences in grain interactions. Field studies have classically linked crude
stratification bands, spaced laminations, and/or abundant internal erosion surfaces to
high-density turbidity currents. Studies of high-density turbidity current deposits have
proposed various mechanisms for this variation in depositional characteristics; however,
none of these propositions has been thoroughly tested by experiments or theory. This
study presents experiments of high-density turbidity currents (varying in initial sediment
concentration between 9-26 vol%) moving quasi steady on an inclined bed surface, being
close to their equilibrium slope in a 4 x 0.5 x 0.07 m tank. Three distinct internal flow
layers were distinguished on the basis of their observed behaviour as captured by a highspeed camera. Ultrasonic velocity profiler (UVP) probes were used to measure the overall
velocity and turbulent intensity profiles of the flows, and the change therein as a result of
different stacking patterns of internal flow layers. The relation between maximum velocity,
shear stress and equilibrium slope for different types of high-density turbidity current was
investigated in the experiments. Velocity and camera data were combined to study the
interactions between the different flow layers over time. Small-scale fluctuations (0.2-2
seconds) were observed to have a clear control on the depositional behaviour of the flow.
However, the influence of these fluctuations gradually decreased with increasing sediment
concentrations as function of the different types of basal flow layers. By combining these
observations with theoretical grain size sorting mechanism previous experimental results,
the different flow layers were linked to distinct depositional expressions known from the
rock record.

1.   Introduction

Since the introduction of the term ‘high-density
turbidity current’ by Kuenen and Migliorini (1950),
many studies have added to the concept of highdensity particulate currents and their associated
expression in the rock record (Middleton, 1967;
Lüthi, 1980; Vrolijk, 1981; Lowe, 1982; Postma et
This chapter has been submitted to Journal of Sedimentary
Research

al., 1988; Hiscott, 1994; Kneller & Branney, 1995;
Vrolijk & Southard, 1997; Sohn, 1997; Branney
& Kokelaar, 2002; Baas et al., 2004; Leclair &
Arnott, 2005; Choux et al., 2005; Sumner et al.,
2008). Characteristic of high-density turbidity
currents is the formation of distinct high-density
layers at their base, termed ‘traction carpets’ by
Dzulinsky and Sanders, (1962), which are dragged
along by the overriding low density flow.
On the basis of previous physical experiments (e.g. Middleton, 1967; Postma et al., 1988),
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numerical simulations (e.g. Jiang, 1995) and field
measurements (Wan and Wang, 1994), Sohn
(1997) compiled a conceptual model of traction
carpet layers consisting of a maximum of three
stacked layers each characterised by their own
rheological regime (Fig. 1): a turbulent upper layer
(volumetric concentration (C) <~9%vol), a collisional intermediate layer (~9%<C<~45%) and
a basal frictional layer (~45%<C<~65%). Such
superposition of three distinct concentration-depended layers was later confirmed experimentally
by Sumner et al., 2008. Sohn (1997) also showed
that some outcrop-based deductions on high-density turbidity current and pyroclastic surge behaviour are poorly constrained by experimental and
theoretical studies.
Thick, near-horizontal stratifications of variable thickness characterised by a considerable variation in vertical grain-size sorting and abundance
of internal erosional surfaces, are facies attributes
that have been linked to high-density turbidity
currents in outcrop studies (Fig. 2; Massari, 1984;
Postma et al., 1988; Hiscott, 1994; Sohn, 1997).
Hiscott & Middleton (1979) describe “near-horizontal stratifications” and distinguish individual
stratification bands within stratified divisions that
are usually underlain and overlain by structureless sands. Individual stratification bands, here
called “spaced stratification” following Hiscott
(1994), are described as several cm thick, resting
upon nearly horizontal erosion surfaces with an
ungraded layer overlying a basal inversely graded
layer (Hiscott, 1994; Fig. 2D-E). Other studies
have shown stratifications, which lack distinct erosional boundaries, but show alternating coarsening and fining upward intervals instead (Postma

et al., 1988; Sohn, 1997, Fig. 2C). These deposits
lacking erosion surfaces (Fig. 2C) are here distinguished from the spaced stratifications (Fig. 2D,
lower part) and called “crude stratifications”.
A prominent gap between deductions from
the rock record and the results of modeling studies concerns the link between this observed variability in facies of individual stratifications within
turbidite beds and the non-steady fluctuations of
the various layers within high-density turbidity
currents. Previous studies have related the sequential variation in build-up of entire turbidite beds
to the overall head-body-tail structure of turbidity
currents (e.g. Kuenen & Migliorini, 1950; Kneller
& McCaffrey, 2003) or to large waning-waxing
and depletive-accumulative trends (Kneller and
Branney, 1995). Field measurements have shown
much smaller auto-generated minute-scale velocity fluctuations (Best et al., 2005) that can be superimposed on the large scale trends. This study
focuses on the different types of density-stratified
layers within high-density turbidity currents (i.e.
Fig. 1A), their interaction over such small-scale
time intervals (seconds to minutes), and how they
relate to the individual stratifications (as shown in
Fig. 2C-D). Different flow mechanisms have been
proposed to be responsible for such short-period
flow unsteadiness; for instance: 1) internal KelvinHelmholtz-type waves (Middleton, 1967; Vrolijk,
1981; Goldfarb et al., 2002; Baas et al., 2004),
2) large turbulent eddies (Allen, 1984; Kneller &
Branney, 1995; Branney & Kokelaar, 2002), 3)
“sweep-fallout” events possibly triggered by turbulent burst-sweep cycles (Hiscott, 1994), and 4) roll
waves (Allen, 1984; Kneller & McCaffrey, 2003;
McCaffrey & Kneller, 2004). Yet, none of these
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Fig. 1; A) Typical sequence of density stratified layers in high-density turbidity currents, and the associated concentration
profile (B) and velocity profile (C; Modified from Sohn, 1997).
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propositions have been verified by experiment or
modeling thus far.
This paper describes experiments where turbidity currents with different sediment concentrations are released on various slopes, producing
different types of density stratifications. The flow
structure was monitored by detailed UVP (Ultrasonic Velocity Profiler) velocity measurements and
a high-speed film camera. The flows are first presented by their time-averaged properties to study
the effects of the different types of density stratifications on the overall flow properties, followed by
an analysis of instantaneous, non-averaged parameters to investigate short-period non-steadiness
and their effect on the aggradation rate. The experimental data was combined with recent advances
in understanding of grain size sorting mechanisms
in literature to advance conceptual models linking
different types of high-density turbidity currents
to specific depositional characteristics.
2.   Methods and Materials
2.1.  Set-up overview of the runs

Experiment on high-density turbidity current
were conducted in a 4-m long flume (0.5-m
high and 0.07-m wide, Fig. 3) in the Eurotank
Flume Laboratory at Utrecht University. The
slope of the flume was varied between 0-12°.
Sediment and water were mixed in a 1 m3 mixing
tank, designed for the homogenization of sandwater mixtures at concentrations of up to 30%,
and pumped through a discharge meter (Krohne
Optiflux 2300) before entering an inlet chamber
(0.1 m wide, 0.07 m deep, 0.5 m high). The
inlet chamber was introduced to damp possible

I

II

III

discharge fluctuations from the feeding system.
Also the hose and pipe connections between the
mixing tank and inlet chamber were minimised
(~4 m) to prevent the formation of density waves
in the pipes. On entering the flume from the inlet
chamber the flow expanded gradually (25°; see Fig.
3) from the narrowest section (0.06-m high, 0.07m wide, 012-m long) to prevent extensive water
entrainment associated with the expansion upon
leaving the inlet chamber. The floor of the flume
was covered with a fixed bed of sand grains, the size
of which was equal to those used in the mixtures.
An ultrasonic velocity profile measurement probe
(UVP DUO MX, 1 MHz) was installed at 2.5-m
from the outlet looking down into the flow from
a distance of 0.12-m above the bed at an angle of
45°. At the same location a monochrome camera
(Basler Pilot pi A640-210gm) filmed the turbidity
current through the glass side wall of the flume
with 210 frames per second. After 4-m the flow
left the flume and freely expanded into a larger
expansion tank.
In total 12 runs were performed with a variety of slopes and sediment concentrations (Table
1). Discharge was fixed around 2.6 dm3/s in each
run, with two outliers of 2.39 dm3/s (C13S12N)
and 2.78 dm3/s (C17S09N). Sediment consisted
of quartz sand particles (D10 =103 μm, D50 =160
μm, D90 =251 μm). Slopes were set to accomplish
turbidity currents of variable initial concentration
with little to none aggradation on the slope.
2.2.  Processing velocity and video data

The reconstruction of vertical time-averaged
profiles of bed-parallel velocities requires
processing of the UVP probe velocity data,
because the probes were at a 45 degree angle with

IV

V

Fig. 2; Schematic drawing of Sohn (1997) showing different successions that can be produced by traction-carpet sedimentation.
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Fig. 3; Sketch of the experimental flume. Sediment and water were mixed in the 1 m3 mixing tank and entered an inlet chamber after passing through the centrifugal pump and discharge meter.

the bed to avoid obstruction the flow and at the
same time achieve a high-resolution measurements
over the full profiles in both time and space.
Bed-parallel velocities were reconstructed with a
trigonometric calculation under the assumption
that time-averaged bed-normal velocities were
negligible. Aggradation is an additional obstacle
for constructing time-averaged velocity profiles,
since the profile gradually shifts upwards as the
bed aggrades. This problem was bypassed by
first collecting 4 second average velocity profiles
measured over the steady state body of the flows.
Aggradation rates were never above 0.05 mm/s so
that the vertical spatial error in averaging over 4
Table 1
Run label

Concentration Slope
[%vol]
[°]

Aggr./
NonAggr

Discharge
[dm3/s]

C09-S09-A

9

9

A

2.64

C09-S11-A

9

11

A

2.61

C13-S11-A

13

11

A

2.58

C13-S12-N

13

12

N

2.39

C15-S10-A

15

10

A

2.61

C15-S11-N

15

11

N

2.61

C17-S07-A

17

7

A

2.64

C17-S09-N

17

9

N

2.78

C21-S08-A

21

8

A

2.56

C21-S09-N

21

9

N

2.58

C26-S07-A

26

7

A

2.58

C26-S09-N

26

9

N

2.50

seconds is less than 0.2 mm (roughly one-quarter
of a measurement bin). The 4 seconds average
profiles were then vertically aligned along their
velocity maxima, before constructing an overall
time-average velocity profile over the complete
body of the flow. Estimates of the turbulence
intensities were calculated as the root mean square
of the velocity fluctuations (urms) at each position
in the profiles (cf. Kneller et al., 1995) using the
same 4 second window as was used in the velocity
profiles.
The oblique angles of the probes relative to
the bed resulted in some problems at measuring
velocities close to the bed, because the lower measuring cells become increasingly submerged in the
bed. At distances below the bed, artificial velocities
were measured that resembled a vertical reflected
image of the basal velocity profile of the flow. Since
the UVP uses the travelling time to determine the
distance from the probe, these artificial velocities are probably due to reflections of part of the
beam from the bed, causing longer travel paths.
The transition between the measured and reflected
velocity profile was used to determine the level of
the bed interface. Another effect of the obliqueness of the measuring cells is that strong curvatures
in the velocity profile were smoothened. As a result
a full return to zero velocity at the bed level cannot
be measured, making the velocities measured just
above the bed less reliable.
Individual camera images were used to construct panoramic images that show the evolution
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of the flows over time. This was accomplished by
extracting a single vertical pixel column and plotting the columns extracted from subsequent images next to each other to show the vertical structure
of the flow over time. Images and velocity data
were synchronised on the basis of the arrival of the
head. Due to the oblique orientation of the UVP
probes relative to the bed, the basal velocity cells
are 0.06 m upstream of the pixels, while the top
cells are located 0.06 m downstream of the pixel
row. This is corrected by shifting the velocity data
through time, whereby the basal cells shift forward
and the top cell backward (Fig. 4). Although this
process results in good fits of the overall structure of the flow and the shape of the head, it deforms some synchronic pulse to artificial diagonal
streaky structures (Fig. 4C). Further, it should be
kept in mind that the assumption of no net influence of bed-normal velocity no longer holds, since
no time-averaging has been applied. As a result,
higher velocities values can indicate either higher
bed-parallel velocities or superimposed upward,
i.e. bed-normal velocities.
3.   Results
3.1.  Types of stratifications
z [m]

A comparison of the collected panoramic images
0

of the runs shows that especially the initial
concentration is of importance for the vertical
structure of high-density turbidity currents.
Therefore, three runs with increasing initial
concentrations have been selected for further
analysis. The runs differ in initial concentration
(9%, 17%, 26%) and slope (11°, 9°, 9°), and
are shown in Fig. 5. Three types of layers with
different dynamical behaviour are recognised with
increasing initial sediment concentrations (Fig. 5)
from top to bottom: Type I - a turbulent upper
layer that strongly interacts with the ambient fluid;
Type II - a layer consisting of slowly rotating and
shearing cloudy patches of suspended sediment
below a wavy irregular upper interface; Type - III,
a sheared layer with a more massive appearance
showing little rotation beneath an upper interface
that separates it from an overlying type II layer.
An additional distinction is made in type II layers,
based on character/behaviour over time. In contrast
to thick type II layers, which are continuous
over time (Fig. 5B), thinner type II layers show
intermittent behaviour, where type II layers
occasionally disappear (Fig. 5A). Intermittent type
II layers are called type IIa, while continuous layers
are called type IIb.
Runs are presented in Table I and in Fig. 5
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Fig. 4; A) UVP data measured under an angle of 45 degrees, but plotted in vertical columns. B) Panoramic image compiled of
a single vertical pixel rows from subsequent pictures from the camera. C) UVP data is shifted to match the vertical direction
of the pixel rows.
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Fig. 5; Top panels show the vertical structure of the high-density turbidity current over time; the bottom panels show the same
images overlain by a graphical interpretation. A) run C09S11A, meaning a run of 9% initial concentration (C09), 11 degree
slope (S11) under aggrading (A) conditions, B) run C17S09N and C) run C26S09N.
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according to their initial sediment concentrations.
However, it should be kept in mind that these
concentrations might differ from the concentrations at the measurement location due to entrainment of ambient water into the flow over the 2.5
m from the outlet to the measuring location.
Runs at 9% sediment concentration (e.g.
Fig. 5A) consist mainly of a highly turbulent type
I layer that starts close above the bed and extends
into the ambient fluid interface. Turbulent patterns spanning the entire flow depth dominate the
appearance. These patterns comprise a sequence
of short pulses (~0.6 s), shown by head-like structures associated with greater flow depth and higher
concentration (as deduced from the higher light
reflection and lower transparency) compared to
subsequent neck or tail-like structures, which are
characterised by relatively small flow depth and
low overall sediment concentration (Fig. 5A).
Below and just behind the head of these pulses,
a thin type IIa layer (about a cm thick) forms at
the base of the flow. The basal layer consists of
swirly suspension clouds with particle concentrations above those observed in the overlying type I
layer, as again deduced from their higher light reflection and lower transparency. During the transition from the head to the neck and tail of each
short pulse, type IIa layers become thinner or may
disappear entirely. Internally, type IIa layers show
weakly turbulent, rotating particle motions, which
are much less violent than those seen in the overlying type I flow.
A continuous and thicker (about 3 cm) type
IIb layer formed at initial concentrations of 17%
(Fig. 5B). The overall thickness of the flow did
not change substantially; the greater thickness of
the high-density layer is associated with a lower
thickness of the low-density layer. The thickness
of the type IIb layer varies over time, and shows
regular pulsations in thickness with different frequencies (the short and long pulses in Fig. 5B).
Short pulses (~0.4 s) in the overlying type I layer
are associated to short-scale variations in the thickness of the high-density layer, and have higher frequencies than those observed in the 9% run. The
longer pulses (~1-2 s) are more irregular in shape
and period than the short pulses.
Runs with sediment concentrations exceeding 20% show a third layer below the previously
described stacked type I and II layers. This third
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layer (type III) is characterised by an almost complete lack of vertical or rotational movement, and
has a thickness of 2 to 3 cm (~25% of the total
flow thickness) at 26% concentrations (Fig. 5C).
On top of this layer there is a 2-3 cm type IIb
layer, at the top of which the short pulses form
again, reaching into the type I layer. The transition
between the type III and IIb layer is less obvious
than those between the type I and both type II
layers. Irregular long pulses indicated by variations
in the thickness of the type III layer resemble longer pulses seen at the interface between the type I
and II layers, but without the superimposed short
pulses. The short pulses (~0.2 s) at the top of the
flow are again shorter and also more irregular at
these higher initial concentrations. They can still
be traced down into fluctuations at the interface
between layers I and II.
3.2.  Stratification types and general flow properties

Figure 6 presents flow parameters of all runs as
a function of initial sediment concentration,
slope and resulting stratification types. The
type of stratification appears mainly controlled
by the initial sediment concentration. Initial
concentrations between 9% and 20% show type I
and II stratifications, while higher concentrations
lead to an additional basal type III layer. In Fig.
6A aggrading runs are indicated by a blue dot and
non-aggrading flows by a red dot. Due to the nonerodible flume floor erosive flows are represented
as non-aggrading runs. Apparently, all types of
high-density layers can form under aggrading
and non-aggrading conditions. The type IIa layers
observed in the 9% concentration runs are only
observed under aggrading conditions, but this
seems mainly due to the methodological constrain
of the maximum flume slope (12 °). The transition
between aggrading and non-aggrading flows is
a function of both sediment concentration and
slope, the slope angle at which this transition
takes place is here called the equilibrium slope. As
initial concentrations increase from 9% to 17%,
the corresponding equilibrium slopes steadily
decrease from 12 to 8 degrees. In runs with initial
concentrations above 17%, equilibrium slopes
no longer show a dependency on initial sediment
concentrations and stabilise around 8°.
Figure 6B shows time-averaged maximum
velocities of the high-density turbidity currents.
Maximum velocities are shown to increase with
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Fig. 6; A) Plot distinguishing aggrading and non-aggrading flows on the basis of slope (vertical axis) and sediment concentration (horizontal axis). B) Time average maximum velocities plotted against slope and concentration. C) Plot of the height of
the maximum velocity above the bed. D) Plot of the shear velocity as a function of slope and concentration.

both slope and sediment concentration. Runs
C17S09N and C13S12N are not in line with this
overall trend. This is probably related to deviating discharges of these runs (2.78 dm3/s and 2.39
dm3/s, respectively) compared to the other runs
(2.56-2.64 dm3/s). Ignoring these runs it appears
that the equilibrium slope conditions for type II
layers is characterised by maximum velocities of
about 1 m/s. Runs that include a type III stratification (C >20%) have slightly higher equilibrium
velocities of about 1.1 m/s.
The heights of the velocity maxima in relations to the bed are plotted in Fig. 6C and are
fairly constant just above 0.02 m (except for deviating run C17S09N). A greater maximum velocity
height just below 0.03 m is found for runs with

initial concentrations of 26%.
Figure 6D shows estimates of the shear
velocities. Shear velocities are here calculated as
U*=√(g’RS) (Kneller, 2003; Eggenhuisen & McCaffrey, in press), where R is the hydraulic radius
of the flow from bed to maximum velocity level,
S is the slope of the bed and g’ is the submerged
gravity calculated with the initial concentration.
The shear velocities are more or less constant at
0.07 m/s over the type II range and rise to a maximum of about 0.1 over type III runs. Over the
9% initial concentration runs shear velocities can
also be estimated by assuming a logarithmic velocity profile between the bed and the velocity maximum;
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[ ( h D )]

U* = Umax κ ln

max

0.1

90

-1



(1)

where κ is the Von Karman constant (~0.4). This
leads to U*-values of 0.04 m/s for the 9% runs,
thereby confirming the other estimation method.
3.3.  Time-averaged velocity profiles

The time-averaged velocity profiles of high-density
turbidity currents are plotted in Fig. 7A. All velocity
profiles are characterised by the classical turbidity
current profile consisting of a jet and wall region
(Altinakar et al., 1996; Kneller et al., 1999). As
shown by Fig. 6, maximum velocities increase with
concentration and slope, and velocities of nonaggrading runs are higher than those for aggrading
runs (except for the outlying run C13S12N).
Although the influence of flow stratification
types on the classical turbidity current velocity
profile seems small, some differences in the shape
of the profile can be observed. The height of the
velocity maximum, which remains fairly constant
for concentrations up to 17%, starts to gradually
move up in flows with higher concentrations
and the subsequent formation of a type III basal
layer (21% and 26%). Other influences can be
seen in the wall region where velocity profiles
show a convex-to-concave shape as seen in the
model of Sohn (1997; Fig. 1C). The convex-toconcave shape becomes more pronounced as
initial concentrations increase and basal type III
layers start to form, it should however be kept in
mind that the quality of the velocity data in these
basal layer is reduced by under influence of bed
reflections.
The urms profiles show typical turbulent
intensity maxima above and below the velocity
maximum where the velocity gradient are at their
highest values (Fig. 7B), as expected for turbidity
currents (Kneller et al., 1999; Best et al., 2001;
Buckee et al., 2001; Choux et al. 2005; Gray et al.,
2006). The basal values of urms profiles of the initial
type II runs (9% and 13%) show a decrease as type
II stratifications become thicker and more continuous, while the maximum velocities increase. Further increasing concentrations (15%-21%) do not
strongly influence basal U* or urms values. Runs
that show an aggrading type III layer (C =26%) are
characterised by decreasing urms values again, while
maximum and shear velocities increase to 1.1 m/s
and 0.1 m/s respectively.
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To compare the effects of flow stratification
types, the profiles are further non-dimensionalised
in two steps to facilitate further comparisons between the different runs. First, the vertical scale is
divided in two non-dimensional regions: 1) a jet
region located above the velocity maximum and
2) a wall region between the bed and maximum
velocity (Altinakar et al., 1996). The vertical scale
in the wall region is non-dimensionalised with the
height of the velocity maximum (Altinakar et al.,
1996), while in the jet region the vertical distance
between the height of the velocity maximum (zmax )
and the height at which velocities are reduced to
half of the maximum velocity (zmax50 ) is used for
non-dimensionalization. Profiles based on these
new vertical scales are plotted in Fig. 7C-D, and
allow comparison of absolute u and urms values at
comparable vertical levels over all runs. The velocity profiles show that maximum velocities, and
also the overall velocity distribution over the vertical are very similar for all runs with concentrations between 13-21%. The 9% runs have lower
velocities, and are also both aggrading, probably
due to limitations in adjusting the steepness of the
slope in the flume. At higher slopes, closer to the
9% equilibrium slope, these runs would be likely
shift closer to the other runs. Profiles of urms indicate strong similarities between the non-aggrading
runs, in contrast to the aggrading runs where a
concentration related trend in the intensity and
height of the urms minimum over the aggrading
runs can be observed. As concentrations increase,
the urms minimum decreases and starts to shift up
and away from the velocity maximum.
In a final non-dimensionalization step, absolute u and urms values are non-dimensionalised
by dividing them through vertically-averaged values. Both u and urms are divided by these spacially
average values ū and ūrms taken between zmax and
zmax50 to avoid the influence of the noisy tops of
the profiles and the less accurate basal measurements. Fully non-dimensional velocity profiles
(Fig. 7E) show more rounded velocity profiles as
concentrations increase and high-density layers
cover larger parts of the flow depth. Fig. 7F shows
a more pronounced decrease of basal urms values
relative to average ūrms as high-density layers develop with increasing concentration.
3.4.  Non-steady flow behaviour

More insight into the nature of the velocity
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Fig. 7; A) Time averaged velocity (u) profiles over the steady state body of the high-density turbidity currents. B) Time averaged velocity root-mean-square (urms ) profiles. C) Velocity profiles vertically divided into a jet and wall region and non-dimensionalised by the distance between the height of the velocity maximum (zmax ) and the height at which the velocity is half of the
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F) Urms profiles non-dimensionalised with a spacial mean velocity rms values (ūrms ) as in E.

fluctuations is gained by comparing panoramic
images of the flows (Fig. 5) to velocities plots against
time and flow depth. Two velocity plots are added
(Fig. 8): 1) instantaneous bed-parallel velocities
(u) and 2) instantaneous bed-parallel velocities
minus time-averaged, bed-parallel velocities taken
over the 5 seconds displayed in Fig. 8. Additional
velocity profiles that are time-averaged over shorter
periods are shown as overlay to illustrate the effect
of fluctuations on the structure of the velocity

profiles over time. These velocity profiles are timeaveraged over 0.5 seconds (0-0.5; 0.5-1…4.5-5
s).
Two scales of non-steady behaviour can be
distinguished from Fig. 8; 1) long-scale fluctuations in the flow direction (about 1 second) and 2)
small-scale (about 0.2 seconds) patchy deviations.
The longer velocity fluctuations are seen over all
layer types and are associated with the long pulses
shown in the panoramic camera images (e.g. Fig.
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5A). The secondary small-scale fluctuations seem
to represent eddy activity in the flow and are more
pronounced in the turbulent upper layer were they
correspond to the short pulses (e.g. Fig. 5A). The
smaller patchy turbulent structures in the upper
layer are similar for all runs, but become less pronounced as sediment concentrations increase and
type II and III layers form.
Figure 8A show the non-aggrading 9% initial concentration run, where two long pulses are
characterised by higher basal velocities (0.5-1.5 s
and 2.5-3.5 s) and 7-8 overriding short pulses are
characterised by higher or upward velocities in the
type I layer (around 0.5; 1.2; 1.8; 2.5; 3.3; 3.8;
4.0; 4.3; 4.8 s ). The long pulses have their noses
around 0.01-0.02 m, which is in the region of the
velocity maximum and the upper boundary of
the type IIa layer (Fig. 5A). The noses of the short
pulses are located above the velocity maximum,
although the images (Fig. 5A) show that a short
pulse can continue occasionally down to the upper boundary of the type IIa layer. By comparing
the velocity and camera data, it is observed that
the type IIa layer is thinnest just behind the highvelocity pulses (1.5 and 3.5 s, Fig 5A).
Figure 8B shows two long pulses forming
within the type IIb layer with high-velocity parts
between ~0.5-1.3 s and ~2.5-3.5 s of the non-aggrading run with an initial concentration of 17%.
The shorter pulses (~14) in the upper layer in the
panoramic image and the velocity plot are not well
defined in the velocity fluctuation plot (Fig. 8B),
where the long pulses dominate over the full flow
depth. In contrast to the 9% run, here the turbulent patches disappear in the basal 4 cm type IIb
layer (Fig. 5B) and the velocity fluctuations associated with the long pulses are less intense. Also the
nose of the high-velocity fluctuations have shifted
up with the upper boundary of the type IIb layer
(~4 cm). Similar to the 9% run the type IIb layer
is thinnest immediately behind the basal high-velocity region (1.4 and 3.5 s; Fig. 5B).
Differences between the 26% runs (Fig. 8C)
and the 17% runs are small and continue along the
trends described between the 9% and 17% run.
The long pulses are further decreased in the amplitude with their high velocity periods between
0.7-2 s and 3.7-4.5 s. Their noses are now located
around 5 cm above the bed again following the interface of the type I and IIb layer. Within the basal
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5 cm the turbulent patches are again dampened.
The upper layer has become thinner and the short
pulses are more irregular.
3.5.  Non-steady aggradation behaviour

To study the effect of the pulses on the characteristics
of the bed Fig. 9 zooms in on the lower 1.5 cm of
flow above the bed interface beneath the aggrading
runs, and compares erosion and deposition shifts
in the bed interface with the velocity fluctuations
in the overlying layers. In run C09S11A (Fig. 9a)
the long pulses are associated with alternations
between erosion and deposition, while maintaining
an overall aggradation rate of 0.6 mm/s. The
differences in aggradation rate are about 1.5 mm/s
between the erosion and the depositional periods.
The trace of the bed interface over time shows wavy,
sigmoidal shapes, which points to low rates of
aggradation at the onset of deposition, followed by
higher deposition rates before gradually decreasing
again to become erosional. The gradual aggrading
top of the depositional layer is later eroded again
at the arrival of the next long pulse.
Figure 9B shows the basal part (1.5 cm) of
the aggrading 17% run (due to some technical
problems some of the data is missing and replaced
by a white fill). Instead of the alternating erosional
and depositional periods observed in the 9% run
(Fig. 9A) the 17% run (Fig. 9B) shows continuous aggradation under various rate of deposition.
In this aggrading run basal regions of lower velocity (0.5-1.5 and 3.7-4.5 s) are associated with
increased aggradation rates. The shorter pulses
observed in the type I layer (gray) are not correlated to the fluctuations of the basal layer (black)
and the aggradation rate. Overall the basal type
IIb layer observed here has an aggradation rate of
~0.3 mm/s, which is less than the 0.6 mm/s of run
C09S11A, indicating that this run is closer to its
equilibrium slope (Fig. 6). The transition between
a type IIa and a type IIb layer corresponds here to
a decreasing amplitude of the fluctuations in aggradation rates from 1.5 mm/s (type IIa) to 0.5
mm/s (type IIb).
The basal layer of the aggrading 26% run
is shown in Fig. 9C, where it is observed that the
bed aggradation rate is constant at 0.1 mm/s. The
velocity fluctuation plots (light gray, dark gray
and black) show that these fluctuations are further dampened with each subsequent lower layer
(type I, IIb and III). Within the upper layer veloc-
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Fig. 8; A) Three images of the quasi-steady body of run C09S11A; 1) panoramic image from the camera, 2) velocity structure
and 3) velocity structure minus the time averaged velocity profile. The velocity profiles drawn over the images are averaged
over 0.5 seconds. B) Three images of the quasi-steady body of run C17S09N. C) Three images of the quasi-steady body of run
C26S09N.

Concentration-dependent flow stratification in high-density turbidity currents
ity peaks are at maximum around 0.25 m/s (light
gray), and decrease to a maximum around 0.17
m/s in the intermediated type IIb layer (dark gray),
before ending at maximum fluctuations of around
0.1 m/s in the basal type III layer (black).
3.6.  Summary of observations

In summary, three kinds of high-density turbidity
currents have been observed. Figure 10 shows
idealised drawings of these three kinds. At the lowest
concentration, high-density turbidity currents
consist of a turbulent type I layer with short pulses
of about 0.6 s overriding a thin intermittent type
IIa layer (Fig. 10A). These flows show long velocity
pulses (~2s) associated with alternating periods of
erosion and deposition. At higher initial sediment
concentrations the basal type IIa changes into a
thicker continuous type IIb layer (Fig. 10B). As
a result the overriding flow becomes thinner and
the short-pulses decrease in period to ~0.4 s. The
equilibrium slope gradually decreases as the type
IIb layers become thicker, but the height and
value of the maximum velocity associated with the
equilibrium slope remain constant around 0.02 m
and 1 m/s. With the transition from a type IIa to
a IIb layer, the basal urms values decrease from 0.09
to 0.07 m/s. Type IIb layers still show fluctuations
in the depositional rate, but they are smaller than
those observed beneath the type IIa layer. Further
increasing sediment concentrations lead to the
formation of a basal type III layer beneath the type
IIb and type I layer (Fig. 10C). The type I layer
thins even further and the short pulses also decrease
in period to ~0.2 s. The velocity profile showed that
basal type III layers are associated with an upward
shift of the classical turbidity current profile. Due
to this upward shift the velocity maximum shift
from 0.02 m to 0.03 m, and the maximum velocity
has to increase to around ~1.1 m/s to establish an
equilibrium slope. In addition the basal urms value
decreases, while U* estimates increase. Long pulses
can still be seen to develop within the upper type
IIb and I layers, however their influence on the
depositional rate beneath the type III layer is no
longer distinguishable.
4.   Discussion
4.1.  Flow stratification types

Observations of flow stratification with different
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rheological regimes are common in dense particulate
flows both with interstitial fluids (Kuenen &
Migliorini, 1950; Bagnold, 1954; Middleton,
1967; Postma et al., 1988; Sohn, 1997; Baas et al.,
2004; Sumner et al., 2008) and without interstitial
fluids (Jaeger, 1996; Forterre & Pouliquen,
2008). Dry granular flows have the advantage of
being less complex in their dynamics due to the
lack of interstitial fluid and have been subject to
intense research over the last decades (e.g. Jaeger,
1996; Goldrisch, 2003; Forterre & Pouliquen,
2008; Dasgupta & Manna, 2011). Models of
such dry granular flows (see review by Forterre
& Pouliquen, 2008) describe gradual vertical
transitions between four rheological regimes: 1)
static beds (solid regime); 2) intermediate viscoplastic, non-Newtonian, slowly deforming flows
with nearly continuous frictional grain contacts
(quasi-static regime); 3) Newtonian-like flows
where grains interact through intermittent friction
and collisions (liquid regime); and finally 4) kinetic
saltation-dominated flows (gaseous regime). These
rheological regimes show large similarities to the
types of stratification observed in the experiments
and the regimes described by Postma et al. (1988),
Sohn (1997) and Sumner et al. (2008), where the
interstitial fluid does play an important role.
4.1.1.  Type III
The type III layers are here distinguished from
the other layers by their lack of swirly turbulent
structures (Fig 5C), and the higher shear stresses
and velocities necessary to prevent deposition under
these layers. They share these properties with the
quasi-static regime in dry granular flows and with
the laminar inertia-flow sensu Postma et al. (1988),
the friction regime of Sohn (1997) and the sheared
laminar layer of Vrolijk and Southard, (1997) and
Sumner et al., 2008. Higher shear stresses and
fully dampened turbulence are indicative of nearly
continuous grain contacts in frictional regions
(Sohn, 1997) forming at concentrations between
45-65% (Jiang, 1995; Sohn, 1997; Stickel &
Powell, 2005). The turbulence dampening is also
seen in the UVP measurements, where urms decreases
while maximum velocities and U*-values increase.
In dry granular flows the quasi-static regime is
characterised by velocity profiles that vary between
concave Bagnold-type profiles and linear profiles
(Lowe, 1976; Silbert et al., 2003). For traction
carpets velocity profiles are more likely to be linear
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Fig. 9; A) Top panel shows the basal 1.5 cm of the flow (C=09, S=11, A) and the changes of the bed interface (dashed line)
over time. The bottom panel shows the velocity fluctuations measured within the lower 0.5 cm of the flow (black) and the
flow fluctuation of the upper type I layer (grey). B) Top panel shows the basal 1.5 cm of the aggrading 17% concentration run
(C17S07A) and the changes of the bed interface (dashed line) over time. The bottom panel shows the velocity fluctuations
measured within the lower 0.5 cm of the flow (black) and the flow fluctuation of the upper type I layer. C) Top panel shows the
basal 1.5 cm of the aggrading 26% concentration run (C26S07A) and the changes of the bed interface (dashed line) over time.
The bottom panel shows the velocity fluctuations measured within the lower 0.5 cm of the flow (black), the flow fluctuations
in the intermediate type IIb layer (dark gray), and the flow fluctuation of the upper type I layer (light gray).

(Postma et al., 1988; Hiscott, 1994; Sohn, 1997)
probably due to the additional shear on the top of
the layer induced by the overriding flow. Although
the basal velocity measurements done here are not
very reliable, a transition from a convex profile in
both type II layers to a linear-shaped profile within
the type III layer was observed (Fig. 7A; Fig. 11CD).

The shape of the velocity profile within these
highly concentrated layers is important, since it
determines the mechanism of deposition. Yield
stresses are likely to occur in these highly concentrated frictional layers, implying that concave
velocity profiles, where the lowest velocity gradient is located in the top of the layer, are prone to
develop plug flows as seen in dry granular flows
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(Silbert et al., 2003). The absence of plug flows in
the experiments, therefore, supports the linear to
convex profile measured with the UVP, and contradicts the plug-and-freeze interpretation of traction carpet deposits as proposed by Lowe (1982).
The velocity profiles also indicate that the height
of the maximum velocity shifted upwards as a type
III layer forms (Fig. 11D), resulting in profiles intermediate between classical turbidity current profiles and those observed by Postma et al. (1988).
This upward shift of height of the maximum velocity on the type III layer hinders again the formation of plugs by inducing additional shear from
the top thereby reducing the concave shape of the
velocity profiles necessary for plug formation. Yet,
further thickening of the traction carpet limits the
drag effect of the overriding flow and increases the
importance of gravity working on its own mass
and maintaining its movement by its own momentum. In such a case the velocity profile will
gradual transform into a concave profile that promotes plug flow. For this to happen, slopes should
be close to the angle of repose to be energetically

A.

feasible (Lowe, 1976; Postma et al., 1988).
4.1.2.  Type II
As sediment concentrations decrease, the type
III layer disappears and the type II layer becomes
the most basal layer. The camera images show
that swirly motion of clouds of sediment within
these layers still exist, but the intensity of the
turbulence is far less than in the overriding type I
layer. This is validated by the UVP measurements
which show that the turbulent patches as observed
in the upper layer are lacking within this type II
layer (Fig. 8B). Further, it was observed that highdensity turbidity currents consisting of a type II
and I layer have velocity profiles similar to those of
low-density turbidity currents, thereby pointing to
a Newtonian rheology within these type II layers.
These type II features are also found in the liquid
regime of dry granular flows, in the collisional
region (Sohn, 1997) and in the higher-density
turbulent suspension layer in the experiments of
Postma et al. (1988). The type II layer also shows
strong similarity to the type II layer described by
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Fig. 10; - Graphic representation of three kinds of high-density turbidity current with their associated idealised u and urms
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Sumner et al. (2008) as the “high-concentration
base of the turbulent suspension”.
Collisional layers span a rather wide range
of sediment concentrations (9-45 %), and have
been characterised by a linear to convex shaped
velocity profiles at the top of the collisional region
where concentration decreases (Fig. 11C; Sohn,
1997). However, the profiles measured here and in
Postma et al. (1988) show that the convex transition is located at the base of the collisional regime,
and becomes concave higher up in the type II collisional layer (Fig 11D). The measurements here
show that the convex-to-concave transition is located just at the base of the type II layer, where the
nearly continuous grain contacts are broken. This
reduces to relative viscosity of the mixture and
thereby introduces the larger strain rates typical for
the convex-to-concave transition. Other studies
(Coussot et al., 1991; Ancey, 2007) have included
an additional lubricating regime in between the
frictional and collisional regime at the transition
between Newtonian (concave) and Non-Newtonian (convex) rheology. Since no distinct boundaries or instabilities were observed in this region,
such transitional lubricating layer is not included
here. Beneath type II layers, deposition occurs
again only from the base upward, notwithstanding
the concave profile, since concentrations are too
low for a frictional yield strength to form.
4.1.3.  Type I
The fully turbulent type I layers resemble the
dilute region of Sohn (1997) and the lowerdensity turbulent suspension layer of Postma et
al. (1988) and Sumner et al. (2008). They are not
comparable to the gaseous regime of dry granular
flows, since the fluid properties dominate their
dynamics. Although the 9% concentration level
is often assumed as the boundary between type I
and II layers, this lower concentration boundary is
known to vary between 6%-16% depending on the
shear stresses induced (Hanes, 1986). Whatever the
proper specific concentration boundary between the
two rheological regimes is, the occurrence of a thin
intermittent type IIa layer at initial concentrations
of 9% indicates that this layer remains present at
bulk sediment concentrations at least below 9%. The
true bulk concentration down to which this layer
persists is unknown since the flows ambient water
entrainment in the first 2.5 metre of the flow is not
constrained.

3

4.2.  Extending Sohn’s (1997) model to modified
grain flows

Sohn (1997) limits his model to traction carpets
sensu stricto, meaning a high-density layer that is
being sheared by an overriding flow, in contrast
to a high-density layer that moves independently
under gravity below a slower moving overlying
dilute turbulent suspension layer. These latter
flows have been classified as modified grain flows
(Lowe, 1976). The transition between traction
carpets and modified grain flow is defined by the
ratio of unity between the height of the velocity
maximum (zmax ) and the height of the interface
between the type I and II layers (zII ), where zII is
determined by the basal sediment concentration
and zmax by the ratio between friction coefficients
of the overlying flow and the bed as is the case for
low-density turbidity currents (Middleton, 1993).
The present experiments show that the transition
between high-density turbidity currents consisting
of a dilute turbulent layer shearing a type II collision
traction carpet, and those consisting of a type II
modified grain flow shearing a slower overlying
flow, is gradual and does not deviate much from
classical turbidity current velocity profiles, except
for a slightly more blunt nose in the velocity
profile around the velocity maximum (Fig. 6E).
Only the formation of a frictional type III layer
leads to an upward shift of the velocity maximum
and the introduction of a more linear onset of the
velocity profile. The experiments thus show that
the vertical zonation of Sohn’s model remains valid
also outside the traction carpet range, which is to
be expected, since much of theoretical knowledge
behind the model originates from granular flows
that also lack an overlying shearing flow.
Combining theoretical frictional and basal
type II velocity profiles with the new upper type
II and I profiles measured during the experiments
leads to a new, modified version of the traction carpet model of Sohn (1997), one that also includes
modified grain flows with sheared dilute layers
(Fig. 11C). The modification is seen in the lower
convex-to-concave transition, while the extension
of the model to include some modified grain flows
sheared by overlying lower-velocity dilute flows
are indicated by the additional velocity profiles
with variable ratio’s between the height of velocity
maximum and the height of the collisional - dilute particle suspension interface. The boundary
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between modified grain flows and traction carpets
sensu stricto is formed by the case where the velocity maximum is located at the top of a type II
layer. In Fig. 11D the resulting model is compared
to low-density turbidity currents (Altinakar et al.,
1996) and high-density turbidity currents with a
very thick type III layer (Postma et al., 1988).

runs with a type II high-density layer (~0.08 m/s).
The increase in the hydraulic radius resulting from
the higher discharge is adjusted by a decrease in
equilibrium slope to arrive at an “equilibrium shear
velocity” similar to the other runs. The decrease
of equilibrium slope with an increase in the scale
of the flow, suggests that in natural systems bypassing high-density turbidity current with a
type II basal layer are feasible at slopes well below
the 8-12 degrees found here. Furthermore, this
relation between the flow scale (umax and zmax ) and
shear stress hints at a link between shear velocity
and sediment characteristics, just as in the classical
concept of the equilibrium slope in low-density
turbidity currents (Pirmez et al., 2000; Kneller,
2003).
It is also interesting to observe the formation of non-aggrading, high-density turbidity currents with basal type III layers at slopes as low as
8 degrees. Since the velocity maximum is located

4.3.  Equilibrium slopes and shear velocity

The experiments indicated that equilibrium slopes
associated to type II basal layers show constant
shear velocities (Fig. 5). It is interesting to discuss
the conditions of the equilibrium slope found
with the deviating discharge of run C17S09N.
The higher discharge caused an increase in the
velocity maximum (1.15 m/s) and a upward shift
of the location of the velocity maximum (0.027 m)
relative to the surrounding runs (1.0 m/s; 0.02 m),
but the shear velocity in this non-aggrading run
was similar to that of surrounding non-aggrading
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within the high-density layer (overriding type
II) these flows can be classified as modified grain
flows. Dry grain flows only form at slopes close
to the angle of repose (Lowe, 1976; Dasgupta &
Manna, 2011), thereby implying a major role of
the interstitial fluid in reducing the equilibrium
slope beneath the angle of repose. Several mechanisms can be proposed to explain this considerable
drop in the equilibrium slope: 1) flows experience
considerable less grain-to-grain friction due to just
the presence of the interstitial water, 2) flows are
of a collapsing nature on length scales exceeding
the experimental set-up and such non-uniform effects trigger an upward fluid motion which played
an important role in supporting the grains. The
measurements presented here were done at a fixed
position, and thus are not suitable to capture nonuniform behaviour. However, observation of the
bed over the full length of the flume showed that
non-aggrading runs formed a small deposit immediately in front of the inlet as an inlet adjustment
effect, while no deposition occurred over the remaining 3 m of the flume. This points to adjustment lengths well below 1 metre, which equals
about 14 times the inlet height. It could be hypothesised that two adjustment lengths might be
involved, one related to overall flow acceleration
or deceleration that matches the shear stresses and
gravity forces, and a second and longer adjustment
length needed to accomplish the equilibrium concentration profile. This second length scale could
be much longer since it depends on vertical exchange of sediment exchange, which is likely to
be slower than the vertical exchange of turbulent
momentum. The present measurements do not allow tests of such hypotheses.
4.4.  Non-steady effects

The experiments show two different periods of
fluctuations within the quasi-steady state of the
turbidity current body: 1) short pulses (0.2 -0.6
s) in the upper type I layer and on the interface
between type I and II layers, and 2) long pulses
(1-2 s) that are more pronounced in the highdensity basal layers (type II and III). Although it is
tempting to interpret these pulses as auto-generated
fluctuations, thereby excluding any external driving
mechanisms, care should be taken to separate these
fluctuations from possible fluctuations triggered
by the feeding system. Fluctuations in the inflow
conditions could be generated by the mixer, the
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pump and by the occurrence of density waves in the
pipeline. Frequencies of the mixer are within the
range of the short pulse, however, since the short
pulses showed a consistent trend with the thickness
of the type I layer and the initial concentration
(0.6 s at 9%; 0.4 s 17%; 0.2 at 26%), and such
short internal pulses were also observed in other
experiments (Vrolijk, 1981; Baas et al., 2004),
the short pulses are most likely not related to the
mixer. The pump rotates at a constant frequency
far above the observed pulsations and is therefore
an unlikely cause of any of the observed pulses.
Density waves are known to develop in long
distance horizontal slurry pipelines (Matousek,
1997; Talmon et al., 1999). Here the formation of
density waves is unlikely due to an inserted vertical
section in the pipeline trajectory, the short travel
distance and the small pipeline diameter (0.05 m),
which prevents the formation of sliding beds that
could generate density waves (Talmon et al., 2007).
Even though the separate elements are not likely to
generate the pulse as observed in the experiments,
it is impossible to fully exclude the formation of
pulses in the feeding system. Notwithstanding this
possibility, field measurements have shown that
auto-generated fluctuations do occur in sedimentladen density flows (Best et al., 2005) and the
experiments are a means to study impact of such
short-scale pulses on the depositional behaviour of
high-density turbidity currents.
Several mechanisms have been proposed to
be responsible for small-scale auto-generated nonsteady behaviour in turbidity currents. The sweepfallout model of Hiscott (1994) gives a good description of the observed surge-like structure of
the long pulses. The experiments indeed show
high-energetic pulses (sweeps) associated with
forward and upward motions, under which highdensity layers become more energetic and thicker.
The high-energy pulses alternate with lower velocities that trigger deposition (fallout; Figs. 8-9). The
speculative association of sweep-fallout to burstsweeps events (Hiscott, 1994) is not observed.
Bursts and sweeps are specific types of turbulent
structures that initiate at the bed beneath a shear
flow and migrate and evolve upwards into the flow.
In contrast, instabilities in the experiments are
observed to originate from the interface between
low-density and high-density layers. This is also
confirmed by earlier observations, where they de-
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scribe that the high-density basal layer is being fed
by energy and sediment from the overriding flow
(Sumner et al., 2008). Allen (1984) proposed an
alternative explanation of the non-steady behaviour by large turbulent structures, however these
are also commonly associated with burst-sweep
events. The shorter pulses observed in the type I
layer are indeed consisting of large turbulent structures, however these structures form only in the
upper layer and their influence did not penetrate
through the high-density basal layer as seen in Fig.
9.
Both the long and short pulses have their
high-velocity onsets around the interface between
the type I and II layer. As this interface moves up
with increasing concentrations the onset of the
high-velocity pulses follows (Fig. 8). Given the location of the onset of the instabilities at the density
interface of type I and II layers, Kelvin-Helmholtz
instabilities, which are instabilities that form at
the interface between two fluids of different density when moving relative to each other (Simpson, 1997) form a likely driving mechanism. In
low-density turbidity currents, Kelvin-Helmholtz
waves form at the interface between the type I layers and the ambient water (Simpson, 1997; Baas
et al., 2005). Here there are two density interfaces
(type II to type I and type I to ambient fluid) that
can generate Kelvin-Helmholtz waves. One possibility would be that the short pulses originate from
the type I to ambient fluid interface, while the
longer pulses are triggered by the lower interface.
Alternatively, interaction of breaking waves, like
Kelvin-Helmholtz waves, can lead to the formation of longer wavelength breaking waves, i.e. the
so called roll waves. Roll waves have been observed
to form in stratified fluid flows (Baines, 1995), hyper-concentrated flows (Wan & Wang, 1994) and
dry granular flows (Di Cristo et al., 2009). To test
such hypotheses, gradient Richardson numbers
should be calculated, but since no in situ concentration measurements were made, this would be
speculative.
4.5.  Field implications

Three types of layers were distinguished during the
experiments on the bases of their different flow
behaviour. These differences in flow behaviour likely
lead to a different expression in the depositional
structures. The experiments were conducted with a
well sorted grain size distribution, and no attempts
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were made to study the internal sedimentary
structures of the deposits. Yet, some deductions
can be made on the possible consequences of the
differences in behaviour characteristic for the layer
types and their implications in the rock record.
4.5.1.  Type III
Type III layers are characterised by full turbulence
dampening and high sediment concentrations.
Fluctuations in the overriding layer were found
to be fully damped and leading to constant
aggradation rates (Fig. 9C). The resulting deposits
are therefore not likely to hold abundant erosional
surfaces or grain size variations, except those that
reflect changes of grain size or flow energy over
scales larger than those studied here. The inability
of high-density layers, where turbulence is fully
extinguished, to rework or re-entrain sediment has
also been shown by direct numerical simulations
(Cantero et al., 2011). In dry granular flows these
high concentrated regimes are known to be very
efficient in creating an inverse grading over the
flow depth (Gray & Tornton, 2005; Wiederseiner
et al., 2011) through a process of kinematic sieving,
where smaller grains percolate between larger
grains due to shearing and dilatancy (Middleton
& Hampton, 1976) and larger grains are squeezed
upwards (Savage & Lun, 1988). Cassar et al.
(2005) have showed that the mechanics of steady
and uniform, dense-suspension flows (quasi-static
and liquid regime) are similar to those in the quasistatic regime of dry granular flows, if the effects of
reduced buoyancy are taken into account. Hence,
kinematic sieving is likely to be active in steady
and uniform type III layers, although it takes a
longer time to develop, since the smaller particles
percolate slower due to their buoyancy (Cassar et
al., 2005). Whether this inverse grading is also
expressed in the bed depends on the long timescale dynamics. Within such high-concentrated
type III layer large clasts are likely to collect on
top of the density interface (Postma et al., 1988),
which in waning flows with deposition from the
base of type III layers could lead to an overall
inverse grading with possible outsized clasts on the
top (Fig. 12D, succession I).
If waning flow conditions occur over small
time scales, a net strong downward flux of grains
triggers an equal upward flux of escaping pore water that induces excess pore pressures and drives
fluid motions that reduce grain-to-grain stresses
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A. Spaced stratification (SS) resulting from a basal type IIa layer.

Time

Ambient
Type I
Type IIa

Deposition
Erosion
Alternating periods of ersion & deposition associated to long pulses are linked to abundant erosion surfaces,
basal inverse grading overlain by ungraded intervals (Spaced Stratifiactions, SS).

B. Crude stratification (CS) resulting from a basal type IIb layer.

Time

Ambient
Type I
Type IIb

Erosion
Periodical variations in aggradation rate associated to long pulses are linked to alternating patterns
of coarsening and fining upwards (Crude Stratifiactions, CS).

Deposition

C. Crude stratified (CS) to structureless (SL) deposits resulting from a basal type III layer.

Time

Ambient
Type I
Type IIb
Type III

Deposition
Erosion
Steadily aggradaing bed with nearly full turbulence demping are linked to minor alternating patterns
of coarsening and fining upwards (Crude Stratifiactions, CS) or structureless deposits (SL).

D. Application to some of the traction carpet succenions of Sohn (1997)
IV
PS

SS

III
Type I (LDTC)

Type IIa layer

SS

CS

I
Type IIa layer

Type IIb layer

SL

Type III
layer

Parallel stratifications (PS) are here linked to low-density turbidity currents due to their dependence on
turbulent structures. Type III layers are most likely to collect floating outsized clasts due their high density.

Fig. 12; A) Summary of the properties of a type IIa basal layer, its impact on the aggradation rate and possible sedimentary
expression. B) Summary of the properties of a type IIb basal layer, its impact on the aggradation rate and possible sedimentary
expression. C) Summary of the properties of a type III basal layer, its impact on the aggradation rate and possible sedimentary
expression. D) Overview of traction carpet successions as presented by Sohn (1997).
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and modify the overall flow behaviour (Cassar et
al., 2005). Such upward flux of pore water is prone
to induce hindered settling and stop the kinematic
sieving, since the smallest particles are now more
likely to move up instead of percolating down.
Such positive correlation between aggradation rate
and inverse grading was also observed in the experiments of Sumner et al. (2008). Experiments
of hindered settling have shown that type III sediment concentrations (45-65%) can also lead to
ungraded deposits (Williams et al., 1991; Druitt,
1995).
In conclusion, type III layers are reflected by
minor to negligible small-scale stratifications (Fig.
12C & 13). Overall grading on longer time scales
can reflect overall waning/waxing or reflect different aggradation rates, where low aggradation rates
are more likely to show inverse grading due to kinematic sieving, while at higher aggradations rates
ungraded deposits reflect dominance of hindered
settling over kinematic sieving. Additionally, a layer of well-imbricated floating outsized clasts could
be expected on the top of a type III layer deposit.
4.5.2.  Type IIb
The type IIb layers are less highly concentrated
and show slight variations in their deposition rate
during the passage of long pulses (Fig. 9B). It seems
reasonable that these variations in deposition rate
would leave some small-scale expression in the
deposits. The long pulse in the type IIb layers
consists of a thicker high-velocity and thinner low
velocity part. The onset of the high velocity part
is characterised by low aggradation rates and the
low velocity part by high aggradation rates. Since
similar processes that cause the inverse grading in
type III layers are also active here, moments of low
aggradation rate should be characterised by inverse
grading due to intensified collisions and under
the thicker layer of the high energy pulses. In the
subsequent slower part of the pulses, associated
with increasing higher aggradation rates, hindered
settling may prevent kinematic sieving leading to
ungraded deposits. At very high aggradation rates,
as observed in the tail of the pulse, hindered settling
can even produce normal grading (Williams et al.,
1991; Druitt, 1995). Hence, the passage of pulses
in type IIb layers can result in the vertical (mm –
cm scale) grain size variations in traction carpet
deposits (Fig. 12D, succession III). Stacking of
such layers may lead to cycles of coarsening and
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fining upward, similar to the crudely stratified
deposits (Fig. 12B & 13) observed by Postma et
al. (1983), Yagishita (1994) and Sohn (1997).
Longer time scale waning conditions would then
impose an overall normal grading, as observed in
succession III in Fig. 12D.
4.5.3.  Type IIa
Intermittent behaviour is characteristic of type
IIa layers. Beneath these layers the fluctuations in
aggradation rate were highest (Fig. 9A). Since the
flows studied here were close to the equilibrium
slope these fluctuations resulted in repetitive
erosional periods (Fig. 9A). Except from the
intermittent behaviour the characteristics of these
layers were similar to that of type IIb layers, and
therefore are likely to produce equal crudely
banded deposits. However, close to the equilibrium
slope the erosional periods are prone to replace
the normal graded top with erosional surfaces.
Such reworking of laminar shear layer deposits
by high-energy burst has also been described by
Sumner et al. (2008). This would lead to basally
inverse graded to ungraded stratifications with
abundant erosional surfaces similar to the spaced
stratifications (SS in Fig. 13A & 12D, succession
IV) of Hiscott (1994).
4.5.4.  Type I
Low density turbidity currents (type I layers) are
characterised by full turbulence and low sediment
concentrations. They are commonly associated
with plane bed stratification (PS) and ripple
induced high-angle foresets (Ri) (Fig. 13B-G).
5.   Conclusions

Three types of flow layer were identified in highdensity turbidity currents with increasing sediment
concentrations and consequent decreasing velocity
fluctuations. These layers are very similar to the
layer types previously observed in other studies
of high-density particulate flows. All types of
layers were observed in both aggrading and nonaggrading conditions. Equilibrium slopes were
linked to threshold bed shear stresses depending on
the type of basal layer. The lower concentrated type
II and I layers show Newtonian-like behaviour and
do not deviate from the classical velocity profiles as
observed in low-density turbidity currents, even if
the velocity maximum is located in the type II layer,
thereby pointing to a gradual transition between
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B.

A.

D.

SS

SL

SS

Ri

CS

PS C.
SS
PS
SS

CS
SS

PS
F.

E.

CS

Ri
PS
SS

CS
SL = Structureless intervals, CS = Crude stratifications, SS = Spaced stratifications,
PS = Parallel laminations, Ri= Ripples
Fig.13; A) Lacquer peel and (B) outcrop of sandy mass-flow deposits in an ice-marginal lake setting, Saalian, Leuvenumsche
Beek Valley, The Netherlands (Postma et al., 1983). C) Spaced stratifications in turbidite deposits, Cloridorme Formation,
Quebec, Canada (Hiscott, 1994). D) Turbidite deposits in a deep-water channel sandstone, Cretaceous, British Colombia,
Canada (Yagishita, 1994). E) Crudely stratified turbidite deposits, Miocene, Tabernas Basin, Spain. F) Sandy turbidite from
the Oligocene Macigno Formation, North-West Italy; Bed 55 of Eggenhuisen et al. (2011).

a traction carpet and a modified grain flow. The
formation of an additional lowermost type III layer
triggers an upward shift of the classical velocity
profile, while a linear velocity gradient forms in
the basal layer. These observations have led to an
extension and modification of the traction carpet
models as proposed by Sohn (1997) to include
modified grain flows and modified velocity profile
for the collisional type II layer.
In all high-density turbidity currents two
periods of small-scale velocity fluctuations were

observed. A short pulsing associated to turbulent
structures in the upper turbulent type I layer, and
longer pulses covering the full flow depth. Both
pulses seem to originate from the interface between the type I and II layers, and are thought to
be related to Kelvin-Helmholtz instabilities. Only
the longer pulses have a direct influence on the
depositional behaviour of the flows, and the influence of these longer pulses was seen to decrease
with the type of the most basal layer as sediment
concentrations increased.

Concentration-dependent flow stratification in high-density turbidity currents
A combination of these experiments and
grain size sorting mechanisms from the literature
allows some insight into the coupling between the
basal layer type behaviour and the sedimentary expression of the deposits. Intermittent depositional
and erosive behaviour beneath type IIa layers is
here associated to spaced stratifications as defined
Hiscott (1994), while lower amplitude fluctuations forming beneath a type IIb layer are related
to more crudely stratified deposits. The further
dampening of the pulses beneath a type III layer is
thought to be reflected in even more crudely stratified deposits.
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Structureless, coarse-tail graded Bouma Ta formed by
internal hydraulic jumps of the turbidity current?
George Postma, Matthieu J.B. Cartigny and Kick Kleverlaan

abstract

Turbidity currents are commonly super critical if they travel on slopes steeper than
0.001. Hence, upon deceleration, such flows must pass a hydraulic jump. It is, therefore,
surprising that sedimentary features related to the hydraulic jump are so poorly known
and not clearly related to the Bouma sequence. To study this missing link, a stability
diagram of bed forms generated by decelerating, initially super critical turbidity currents
is presented here to sketch the position of hydraulic jump deposits relative to super and
sub-critical bed forms observed in turbidites. The axes of the diagram are formed by the
densiometric Froude number, the grain size and the particle fall-out rate. Experimental
evidence shows that the hydraulic jump is hardly manifested in the deposit if turbidity
currents pass the jump as a low-concentration, single-phase suspension flow. Only those
turbidity currents that develop two-phase suspension flow with a super critical flowing
traction carpet cause vigorous erosion and liquefaction of the substrate at the jump
locality to produce rip-up of the substrate, rip-up clasts and flame structures, which are
trapped in structureless, coarse-tail graded deposits characteristic of the classic Bouma Ta
unit. The location of the jump is sensitive to density/velocity variations of the traction
carpet and can shift rapidly up and down the slope. This would explain why structureless,
coarse-tail graded deposits, such as Bouma Ta develop sheet-like.
1.   Introduction

The Bouma sequence (Bouma, 1962) is taught
to students as being the most powerful predictive
model in sedimentology. The sequence fines upward
in grain size reflecting waning flow conditions and
the deceleration of a turbidity current. From the
base upwards, it consists of a structureless, coarsetail graded basal unit (Ta) followed by plane bed
lamination (Tb), small-scale ripple sets (Tc)and silt
lamina formed by low shear and suspension fall-out
(Td). The unit is covered by a hemi-pelagic graded
mud unit (Te). Being a powerful field model, it
is surprising that the Bouma Ta unit is so poorly
understood in terms of hydraulics. Although field
observations do show clear relationship of Bouma
Ta with high flowenergy (e.g. Lowe,1982;1988;
This chapter is based on Postma et al., 2009, Journal of Sedimentary Research, doi:10.1016/j.sedgeo.2009.05.018

Mutti,1992; Kneller & Branney, 1995), the
structureless, coarse-tail graded unit itself is more
indicative for low shear stresses during a period of
rapid sediment fall-out. Mutti (1992) emphasised
that most coarse Ta divisions from the Arnott
sandstone, from which Bouma largely depicted
his turbidite sequence, are not structureless but
contain stratification, a notion already perceived by
Walker (1965). In our paper, only the structureless,
often coarse-tail graded sedimentary units refer to
the classical Bouma Ta. Stratified ‘Ta’ is considered
here hydraulically different, as will become clear
below. The difficulty to reconcile Bouma Ta with
flow hydraulics was noted by many researchers.
Banerjee (1977) indicated in his account of his
1970 experiments performed at the University
of Groningen (Netherlands) that Bouma Ta only
developed during an instantaneous drop in flow
speed and that Bouma Ta-e was never seen to
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originate from a uniformly decelerating current.
Instead, up-dip (antidunes), parallel (plane bed)
and down dip (ripple) stratification developed
under all but instantaneous deceleration (see also
Middleton, 1967, 1970; Hand, 1974; Arnott &
Hand, 1989). Sustained experimental turbidity
currents with high initial concentrations of up
to 35 vol.% and a high fall-out rate of 4.2 cm/
min still produced parallel stratifications (LeClair
& Arnott, 2005). Baas (2004) claims on the basis
of his numerical modelling that development
of Bouma Ta interval can neither be explained
by rapid deceleration of the flow nor by high
suspension fall-out rate, because tractional features
are likely to form within seconds.
Remarkably, very few experimental studies focused on hydraulic jump in turbidity currents and their deposits, although Komar (1971)
already pointed out by calculating the internal
densiometric Froude number that in most canyons turbidity currents will be super critical. Reduction of the slopewould force the flowto pass
the hydraulic jump at some point, during which
the velocity of the flow would be reduced significantly and its thickness markedly increased. An experimental study that mimicked the canyon to fan
transition by a break in slope showed that a fully
turbulent suspension flow indeed expanded during the jump, which resulted in deposition (Garcia
& Parker, 1989). The resulting deposit, however,
was not studied for facies in further detail.
The aim of this paper is to set up a stability diagram of bed forms generated by turbidity
currents on the basis of flume and field evidence.
To focus on the hydraulic jump, it is important to
establish the relationship of sedimentary structures
relative to the dimensionless densiometric Froude
number, grain size and particle fall-out rate. In so
doing the problem of the enigmatic origin of the
Bouma Ta unit is addressed.
2.   What predicts the hydraulic jump in turbidity
currents?

The density of the flow determines the flow
regime of a turbidity current by the dimensionless
densiometric Froude number

Fr’

= U/

g’ h 

(1)

where U is the flow velocity, h is the flow thickness,
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and g’ is the reduced gravity
where g’ = g

( ρmixρmix ρ) 

(2)

and where ρmix is the density of the flow and ρ the
density of the ambient water and g the gravity
constant. The densiometric Froude number is
the ratio of the velocity of the current over the
velocity of the shallow gravity wave on the density
interface. For Fr’<1, the turbidity current is called
sub-critical, for Fr’>1 the flow is super critical,
and when Fr’≈1 it is critical. When a super critical
flow switches to a sub-critical flow it passes the
hydraulic jump.
In the fifties, laboratory studies of stratified
non-particulate fluids have been undertaken by
Long (1953; 1954; 1955) focusing on the effect of
the hydraulic jump from a meteorological point of
view. Long (1953; 1954) showed for 2-phase flows
that each fluid density layer will jump independently, and that 1-phase fluids with a continuous
density gradient exhibit weak jumps that are lost
in wave-like behavior of the fluid (Long, 1955).
Since in turbidity currents density profiles change
continuously with particle settling (gravity transformation of Fisher, 1983) and density influences
the flow regime of the turbidity current, we see
a similarity between the fluid flows of Long and
the turbulent particulate suspension flows that we
wish to investigate.
Hence, we examined two basic flow conditions that can develop in turbidity currents before
the hydraulic jump during overall flow deceleration: A) 1-phase suspension flow: all grains are suspended, and show a continuous density gradient
towards the base of the flow, while the suspension
may produce sufficient shear to induce bed-load
transport; B) 2-phase suspension flow: the flow is
stratified and has a well-developed density interface between the basal high-concentration traction
carpet and the less dense overriding suspension.
In 1- phase suspension flows the grains are predominantly suspended by turbulence, in contrast
to 2-phase flows, where in addition to the suspension phase a high-concentrated basal part (traction
carpet) develops where particles are predominantly suspended by dispersive pressure due to grain
interaction. A sharp interface generally exists between the 2 phases, which marks the change in
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particle support mechanism (Sohn, 1997). The
ratio between viscous and inertia stresses is the
Bagnold number. According to Bagnold (1954;
1955; 1963) inertia stresses begin to dominate
over viscous stresses above grain concentrations
of 9 vol.%. Therefore, at higher volume-fraction
values, grain interaction becomes an important
additional support mechanism and is increasingly
dominant with higher concentrations, which is
the case in traction carpets that are close to deposition. Clay and silt should be excluded from
Bagnold’s 9 vol.% criterion becausethey produce
minimal values of shear stress (see further Sohn,
1997). The two above-described, basic flow conditions can easily be recognised from a decelerating sand-gravel mixture in a flume (Postma et al.,
1988, Fig. 1)
3.   Stability diagrams for bed forms of turbidity
currents

In the stability diagram of Fig. 2 the sediment
fall-out rate is given in relative terms: as long as
fall-out rates are low turbulence will remain the
dominant support mechanism, and bed-load
transport along the bed dominates; if the fall-out
rate increases traction carpets develop. The stability
field boundaries of the various bed forms are
tentative and approximated; reference is given to
approximate Froude numbers in the text. The two
diagrams reflect also the two basic flow conditions
for suspensions that are further discussed separately
below.

Ambient water

0.1 [m]

Velocity of
the head
1.08 [m/s]

Slope = 25 °

3.1.  1-phase suspension flow

The diagramfor 1-phase flows depicts the situation,
where the falloutrate is low and bed-load transport
is dominant, which is very similar to unidirectional
water flow. Hence, the sub-critical (Fr<1) ripple,
dune, lower and upper plane bed stability fields
and their boundaries are all plotted from flume
data of unidirectional flow (e.g. Southard &
Boguchwal, 1990). Experiments by Spinewine
et al. (2009) focus on the super critical part of
the diagram. They showed how antidunes (short
wave phemomena) and cyclic steps (long wave
phenomena) were produced on progressively
steeper slopes. (increasing Fr’) by using super
critical, saline underflows, which transported
light weight (1.5 g/cm3), plastic sediment
predominantly as bed load. They associated the
array of super critical bed forms with those found
on high resolution seismic profiles of the levees of
the Toyama deep-sea channel (Kubo & Nakajima,
2002). From their flume studies it is evident that
Bouma Ta type deposits are not produced by
1-phase flows, in spite of these being super critical
and going through a jump. The antidunes have
been observed to migrate both up and downstream
forming at Fr’~1.4. Downstream-migrating
antidunes are possible whenever the flow thickness
at the crest of the bed forms is lower than at the
troughs. In such cases the flow is accelerating over
the rising edge of the bed form and decelerating
over its trailing edge, thus causing erosion on the
rising edge and deposition on the trailing edge
(Kennedy, 1963). As a result the bedforms migrate
Lower-density
turbulent suspension

Velocity profile
at 1-second distance
from the flow head

Higher-density
turbulent suspension

Velocity profile
at 2-second distance
from the flow head

Laminar
inertia-flow

Fig. 1. An initial high-density turbulent flow transforms by gravity transformation (settling of particles) as observed through
time (head of flow passes observer at zero seconds). The passing head of the current is a 1-phase suspension flow and just before
1 s has passed, a density interface has developed separating the dense traction carpet from the lower density turbulent suspension flow. The drawing is traced from photographs with a high speed film camera (70 frames/s; slightly modified from Postma
et al., 1988).
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Fig. 2. Three dimensional bed-form stability diagram for 1 and 2-phase suspension flows. To illustrate the position of the
hydraulic jump, the stability fields of the various bed forms are given relative to critical flow conditions (Fr’=1). Hence, the
boundaries of the stability feeds are only approximate. For the 1-phase flow diagram they are based on compiled data from
unidirectional free-surface flows (Southard & Boguchwal,1990) and on experimental data from particulate saline underflows
(Spinewine et al., 2009). For the 2-phase flow diagram they are based on experimental data from Vrolijk and Southard (1998),
LeClair and Arnott (2005), while field data from Postma et al. (1983) and Russell and Arnott, (2003) illustrate the difference
in large-scale architecture of super critical and sub-critical traction carpet deposits.

downstream. Whenever the flow thickness at the
crest of the bedforms is higher than at the troughs,
upstream migrating antidunes were observed that
evolved into cyclic steps (Spinewine et al., 2009).
Cyclic steps are upstream migrating bed forms
with a clear lee side and stoss side (dune-shaped).
Over the lee side the flow is super critical, with a
hydraulic jump occurring in the trough and over
the stoss side of the structure. They begin to form
at ~Fr’>1.5 (Spinewine et al., 2009). Cyclic steps
can have analogs in terms of sediment waves that
are ubiquitous on the seafloor (e.g. Fildani et al.,
2006). Mutti (1992, his plate 39) described Ta
deposits on the stoss side of large ‘mega ripple’
bed forms that would excellently fit the deposits
of cyclic steps.
We tested if similar bed forms would form
in 1-phase, low-density particulate suspension
flow. In a set up similar to that used by (Spinewine

et al., 2009) we produced turbidity currents of
1-phase suspension of maximal 20 cm in height
on a gradually declining slope. Sediment mixtures
of fine–medium sand and concentrations of less
than 9% were producing bed-load transport flowing super critically (Fig. 3A). At the jump, it was
observed that the bed was sometimes slightly disturbed (few lamina were suddenly resuspended),
with resultant facies that would easily be taken as
slight waxing or waning of the flow (e.g. Kneller &
Branney, 1995). The turbidite depicted in Fig. 3B
may be a product of a 1-phase particulate suspension flowwith thin unit of loaded and structureless sands of Bouma Ta enveloped by plane bed
(Bouma Tb) lamination.
3.2.  2-phase suspension flow

The diagram for 2-phase suspension flows shows
the situation where the fall-out rate is sufficiently
high to form traction carpets. Various styles of
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traction carpet deposits have been recognised as
a function of the varying rheology of the layer
during its deposition, as was discussed by Sohn
(1997). Field and flume evidence indicate that
traction carpets can form under both super and
sub-critical flows, as long as the required fall-out
rate is achieved. The traction carpets studied by
Vrolijk and Southard (1998) and LeClair and
Arnott (2005) are super critical with densiometric
Froude numbers up to 3, while those studied by
Arnott and Hand (1989) and Postma et al. (1988)
formed sub-critically. Although there seems to be
little difference in facies between super- and subcritical traction carpet deposits, their depositional
architecture varies widely as deduced from field
examples. Traction carpets formed under super
critical condition are deposited as large back sets,
long wave (>30 m) antidunes and large sand and
gravel waves (cyclic steps). Back sets and long
wave antidunes have been described from Gilberttype deltas (e.g. Postma & Roep, 1985; Nemec,
1990) and from ice-marginal lakes in deposits
formed by sub-aqueous water jets occurring at the
outlet of subaqueous tunnel valleys in (Postma
et al., 1983; Postma, 1997; Russell & Arnott,
2003). A-symmetric, sand and gravel waves (cyclic
steps) are described from submarine canyons like
the Monterey and the Var canyons, respectively
(Malinverno et al., 1988; Smith et al., 2007,
and for summary of sediment waves Wynn and
Stow, 2002). Traction carpets formed under sub-
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critical conditions are straight and tabular (these
are the horizontal-banded deposits of Postma et
al. (1983); see also Hiscott & Middleton, 1980)
often deposited in association with plane bed
lamination (Bouma Tb) and climbing ripple sets
(Bouma Tc).
The runs with a 2-phase flow structure contrasted markedly from the 1-phase runs. In a simple
flume set up similar to that of Garcia and Parker
(1989), with a slope break to force the jump and
initial sediment mixtures of 50% 50–110 μm glass
beads mixed with 50% 100–250 μm fine quartz
sand up to concentrations of 30–40 vol.%, we produced super critical 2-phase flows. When the traction carpet passed the hydraulic jump it expanded
vigorously (Fig. 4A), occasionally even breaking
through the less dense and sub-critical suspension
flow. The explosive behavior of the expansion resulted in strong, upward disruption of the top of
the substrate, which can be seen fully suspended;
moments later the dense suspension rained down
to form, under conditions of virtual none lateral
shear, a structureless bed (Fig. 4B). The explosive
nature of the jump is very likely caused by the
presence of the density interface, which precludes
gradual vertical dissipation of energy (Long, 1955)
and promotes the build up of a pressure gradient
according to Bernoulli’s principle: the rapid drop
in velocity of the traction carpet at the hydraulic
jump must increase the pressure above the bed
significantly, while pressure in the upper layer re-

jump
Fr>1
Fr<1

plane bed

scour
10 cm

Fig. 3. A) Experiment of 1-phase suspension flow produced a scour just before the jump and mainly plane bed laminations at
and down slope of the jump. Further down the slope (not on the picture) rippled beds (Tc) occur. B) Turbidite bed from the
Tabernas Fan (Kleverlaan, 1989) with thin graded Ta unit (2) enveloped by plane bed laminated Tb units (1 and 3), finally
covered by climbing ripple cross sets (4) indicating flow is to the left. The ripples are covered by traction carpet deposits (5)
with antidunes (not in view) indicating waxing of the flow. The Ta unit is interpreted to be formed by hydraulic jump of a
1-phase suspension flow.
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mains unchanged.
The observed process in the flume study explains remarkably well some formerly enigmatic
sandy deposits shown in Fig. 4C and D. Units of
structureless coarse-tail graded beds in association
with flame structures truncating traction carpet
deposits of the upper flow regime indicate the
location of the hydraulic jump of a 2-phase flow.

4

Such units are often described from high-concentration turbidity currents deposits (S3 unit of
Lowe, 1982), where they occur in association with
traction carpet deposits (S1, S2) and Bouma Tbc.
An implicit feature of structureless deposits is that
they are void of any stratification (as Bouma originally characterised the unit). For instance, Fig. 5A
illustrates the basal part of a turbidite bed, where

A

C

B

D

Fig. 4. Two-phase particulate density flowwith a clearly developed hydraulic jumpof the traction carpet studied fromhigh
speedmotionmovies (252 frames/s) of various runs. A) At the base of slope a scour progressively deepened under super critical flowconditionswhile depositing an anti-formal stack of thin traction carpet deposits some distance down slope and away
fromthe slope break. The progressively negative slope eventually forced the flowthrough the jump.Note that the decelerated
high-density traction carpet starts depositing immediately at the jump. The height of viewis about 40 cm (cmscale at the bottom) B) Detail of the hydraulic jump in 4A shows the strongly upward surge immediately up slope of the center of the jump
(o), which liquefies the substrate to producing flames and occasionallymake the bed explode to forming rip-ups of substrate. At
the locality of the jump there is little lateral shear (some even up current oriented) and abundant hindered settling of particles
forming a structureless sand bed. C) Pebbly-sandy turbidite from the upper Tortonian, Sorbas Basin, SE Spain. The pebbly to
sandy traction carpet units (1 and 2) at the base of the picture are followed by a homogenised (liquefied) unit 3 (thickness of
unit ~2m)with some preservation of folded, former traction carpet layers and soft-sediment deformation.Unit 3 is covered by
fine-sandy unit with poor traction carpet layering andwater escape structures (unit 4).Waxing andwaning of the flowis inferred
fromsuper position of a second bedwith units 2 and 3.We interpret unit 3 as the bed formleft by hydraulic jump and unit 4 as
the bed formthat develops just down slope of the jump. General flowdirection is towards the right. D) Detail of fine-grained
liquefied substrate flaming into a coarse grained unit,which reflects depositional processes as observed in 4C. Flow direction is
oblique towards the right and observer.

Structureless Bouma Ta formed by internal hydraulic jumps

Fig. 5. A) ‘Classic’ Bouma sequence Tabc in sheet-like turbidite bed of the mixed sand/ mud apron of the Tabernas
Basin (Spain). Note the faint stratified structure in ‘Ta’,
which therefore is not related to hydraulic jump (see further
text). B) Bouma Ta interval alternating with antidune cross
bedding, note the mud flames (arrows) that have opposite
orientations and the clay clasts that are present in the antidunally stacked traction carpets (1)) suggesting ‘explosive’
upward erosion of the mud substrate followed by rapid sand
deposition (Ta). The association of stacked Ta’s in interbedded antidunes point to strong waxing and waning flow at the
hydraulic jump locality. General flow direction is obliquely
towards the left and observer. Channel system D, Permian Ecca Group, Geelbeek, South Africa (Flint & Sprague,
2008).

careful observation of the ‘Ta’ interval reveals faint
stratified structure that thins upward into plane
bed lamination of the Tb interval. In this example, the break between Ta and Tb is caused by a
jump in grain size. These types of ‘Ta’ intervals are
not produced by the hydraulic jump, but deposited under conditions of rapid suspension fall-out
and high shear rate and are to be compared with
the experimental results of e.g. Arnott and Hand
(1989), LeClair and Arnott (2005) and Vrolijk
and Southard (1998).
In particular towards the end of each run
when the sediment feed was stopped and the flow’s
velocity dropped, it was observed that the hydraulic jump shifted its locality very rapidly up slope,
hereby reworking the substrate by liquefaction re-
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lated processes and leaving an extensive structureless and coarse-tail graded bed, which is reworked
at the top by the tail of the flow into plane bed
lamination. Likewise, such shifting of a hydraulic
jump in waxing flows can occur in down slope direction. The shift in the location of the hydraulic
jump causes depositional stacks of traction carpets, plane bed lamination and structureless beds
with flame structures as described here (Figs. 4C
and 5B) and as described by others (e.g. Larsen,
1986).
Summarizing, in the experiment we witnessed the formation of a Bouma Ta interval by a
non-stationary hydraulic jump of a traction carpet.
With the bed form stability diagram for turbidity
currents (Fig. 2) it is challenging to re-visit famous
turbidite outcrops as known fromthe Ainsa Basin
in the Pyrenees, where Mutti (1992) described in
detail lateral facies transitions of turbidite beds
that he related intuitively to super critical and subcritical turbidity flow. In the Tabernas fan (Kleverlaan, 1989a; b), we studied gravel beds that show
cyclic steps, ripped-up layers and clast orientations
that can only be explained by hydraulic jump.
4.   Conclusion

High speed motion pictures of turbidity currents
in various flume experiments show clearly the
importance of the vertical density distribution in
turbidity currents for the development of various
bed forms, which has led to a bed-form stability
diagram for turbidity currents (Fig. 2). We showed
by flume experiment that turbidity currents that
formed a traction carpet before the hydraulic
jump produce a structureless bed at the hydraulic
jump, often in combination with flame structures
and rip-up clasts, which is all characteristic for the
structureless, coarse-tail graded Bouma Ta. Our
ongoing research aims to further quantify bed
forms related to deposition of turbidity currents.
For this, it is necessary to investigate and quantify
the effect of 1-phase and 2-phase flow in detail
through measuring velocity and concentration
profiles in flume experiments.
Acknowledgements

We dedicate this article to Dirk J. Beets, an all-round
geologist who introduced George Postma and Kick
Kleverlaan into the Neogene turbidite basins of

82

Chapter

southeastern Spain in the early seventies.We know
he liked the final manuscript of this article, which
he read a couple of days before he passed away.
We would like to thank two enthusiastic master
students J.Walet and J. Mulder for their help with
experiments and our technicians Tony van der Gon
Netcher and Henk van der Meer, who helped with
the set up of the experiments. Editorial reviewers
Mike Leeder, Pete Haughton and Gertjan Weltje
provided critical comments that improved the
clarity of the paper, which was presented at the
AAPG 2008 conference in Capetown.

4

Chapter

5

A comparative study of sediment waves and cyclic steps
based on geometries, internal structures and numerical
modelling
Matthieu J.B. Cartigny, George Postma, Jan H. van den Berg and Dick Mastbergen
Abstract

Although sediment waves cover many levees and canyon floors of submarine fan systems,
their relation to the turbidity currents that formed them is still poorly understood. Over
the recent years some large erosional sediment waves have been interpreted as cyclic
steps. Cyclic steps are a series of slowly upslope migrating bedforms (steps), where each
downward step (the lee side of the bedform) is manifested by a steeply dropping flow
passing through a hydraulic jump before re-accelerating on the flat stoss side. Here, a
general comparison is made between sediment waves and cyclic steps. First, the analogies
between their geometries and internal structures are explored. Secondly, a basic numerical
model is used to construct stability fields for the formation of cyclic steps. These stability
fields are compared with large, existing datasets of both fine- and coarse-grained sediment
waves. The numerical results enable an explanation of geometrical trends found over
series of sediment waves in the upper part of the Monterey Canyon, on the middle
Amazon Fan and on a leveed channel in the Makassar Strait in terms of changes in flow
properties of the overriding turbidity current. Based on sedimentological arguments and
numerical analysis it is concluded that cyclic steps form a potential alternative for the
existing interpretations on the origin of upslope-migrating sediment waves.

1.   Introduction

Over the past six decades sediment waves have
been found over a broad range of submarine
settings, with large varieties of dimensions and
sediment grain sizes. The mechanisms responsible
for generating deep-water sediment waves have
intrigued and puzzled marine geologist for a long
time, but are generally accepted to involve flows
at or close to the sea floor. Depending on their
origin, sediment waves can be classified as either
bottom current sediment waves, turbidity current
sediment waves or just sediment waves, if the
origin is unknown (Wynn & Stow, 2002). This
paper focuses exclusively on turbidity current
sediment waves, which are tens of metres up to
a few kilometres in wave length, where the latter
category is commonly associated with fine grain
This chapter is based on Cartigny et al., 2011, Marine Geology, doi.org/10.1016/j.margeo.2010.11.006

sizes. They are several metres to a few tens of metres
in height and the larger ones commonly appear
in seismic profiles as gently undulating, slightly
climbing bedforms. The cross-sectional geometry
of sediment waves varies from symmetrical with
crest in the middle to asymmetrical with crest in
either the up- or downslope part of the bedform,
here named upslope symmetrical or downslope
symmetrical respectively (Fig. 1A and B). Many
sediment waves show evidence for upslope
migration, either by their internal structure
(for example Migeon et al., 2000; Fig. 1) or by
comparing successive bathymetrical maps (Smith
et al., 2007). Previously, different combinations
of symmetry and migration direction have led to
different interpretations on their origin.
Sediment waves with downslope asymmetry and downslope migration direction have been
interpreted as dunes formed by subcritical flows
(Piper et al., 1988; Xu et al., 2008), while more
83
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symmetrical geometries combined with upslope
migration directions are described as antidunes
formed by transitional to supercritical flows (Normark et al., 1980). More recently, Fildani et al.
(2006), Lamb et al. (2008) and Spinewine et al.
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(2009) have suggested that large bedforms on the
outside slope of the Monterey Canyon, the Lee
Canyon and the Toyama deep-sea channel respectively, may be so-called “cyclic steps”. Circular depressions in canyons of the Espirito Santo Basin
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Fig. 1. A) Downslope asymmetrical sediment waves on the Eastern Flank of the Var Sedimentary Ridge (reproduced from
Migeon et al., 2000) on water gun seismic profile with a vertical resolution of about 10–20 m. B) Train of sediment waves on
the same ridge as A with both upslope asymmetrical (at the right) and symmetrical forms shown on 800 Joule Sparker seismic
profile with a resolution of about 2–3 m (reproduced from Migeon et al., 2000).
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subcritical, depositional flow
supercritical, erosive flow

Fr =1

Fig. 2. Schematic drawing of a train of downslope asymmetrical cyclic steps (flow from left to right), beneath a turbidity current. Ambient water is in blue and the bed in yellow with arrows indicating internal flow structure of the overriding turbidity
current. The turbidity current is accelerating from subcritical from the left border of the drawing, reaching the critical Froude
number (Fr=1) at the crest before its further acceleration down the lee side of the bedform. The hydraulic jump is situated in
the trough at the toe of the lee side. On the stoss side flow depths are high and velocities low causing deposition and back-set
bedding. On the lee side, the lower flow depth and higher flow velocities lead to erosion or limited deposition. Imbalance
between lee and stoss sides triggers upstream migration combined with possible aggradation.

were also interpreted as cyclic steps by Heinio et
al. (2009).
The term cyclic step was coined by Parker
(1996) to describe a bedform type occurring in
the upper-flow regime. Cyclic steps are a series of
slowly upstream-migrating bedforms (steps), where
each downward step (the lee side of the bedform)
is manifested by a steeply dropping flow passing
through a hydraulic jump before re-accelerating
on flat stoss side (Fig. 2).
Stepped, upslope migrating terraces were already recognised by De Koning (1970) on echo
soundings during dredging works. Van den Berg
et al. (2002) referred to this work to infer the presence of cyclic steps formed by turbidity current
initiated by slope instability. The mining created
slope instability triggering a mixture of suspended sand and water that developed into a turbidity current forming cyclic steps. The process was
studied in experiments by Jorritsma (1973), who
was the first to observe the spontaneous formation
of a train of upslope migrating cyclic steps (each
6-7 metre long) after the release of a sand-water
mixture on an erodible sand bed in a flume tank
filled with clear water. More detailed experiments

were later preformed by Mastbergen and Bezuijen
(1988) to study the process. Later experiments
(Winterwerp et al., 1992; Taki & Parker, 2005;
Yokokawa et al., 2009) have shown that cyclic
steps form in subaerial conditions in a tilted flume
if the slopes are steep enough to cause supercritical flows with Froude numbers above those needed
to form antidunes. These experiments have triggered a collection of numerical models that study
the behaviour and geometry of cyclic steps (Mastbergen, 1989; presented also in Winterwerp et al.,
1992; Parker & Izumi, 2000; Fagherazzi & Sun,
2003; Sun & Parker, 2005). Most of this work
focused on cyclic steps formed beneath subaerial
flows, but Mastbergen (1989) and later Kostic and
Parker (2006) started to use numerical models
to investigate cyclic steps formed by subaqueous
flows, as observed in large scale flume experiments
of Jorritsma (1973) and Mastbergen and Bezuijen
(1988). Fildani et al. (2006) used the Kostic and
Parker (2006) model to link sediment waves outside the Shepard Bend in the Monterey Canyon to
cyclic steps formed by turbidity currents.
In this paper we test if the cyclic step hypothesis could apply to a wide range of turbidity
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current generated sediment waves. First, a comparison is made between geometries and internal
structures of both bedforms, to justify the cyclic
step hypothesis sedimentologically by facies analysis. Then the hypothesis is tested numerically linking sediment wave geometries to properties of the
generating currents in terms of velocity, flow thickness and sediment concentration. In a last step the
numerical results are compared with the empirical
sediment wave data.
2.   Characteristics of sediment waves

The turbidity current sediment waves have been
grouped on the basis of grain size into fine- and
coarse-grained sediment waves by Wynn and
Stow (2002). Fine-grained sediment waves are
commonly found in areas where turbidity currents
flow unconfined, as on the back slopes of channel
levees. Present day examples are found on the
Monterey Fan (Normark et al., 1980; Normark et
al., 2002), on the Var Sedimentary Ridge (Migeon
et al., 2000; Migeon et al., 2001) and on the
Amazon Fan (Flood et al.,1995; Normark et al.,
2002). Examples of ancient sediment waves are
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found in seismic data of leveed channel systems
in the Makassar strait (Posamentier et al.,2000;
Normark et al., 2002) and on the deep-water
Niger delta (Normark et al., 2002). Lengths of
fine-grained sediment waves range from 1 to 7
km with heights up to 80 m (Migeon et al., 2001;
Wynn et al., 2002). These dimensions appear
closely related to slope and distance from the
source area (Carter, 1990; Migeon et al., 2000;
Normark et al., 2002, Ercilla et al., 2002). In most
cases sediment waves decrease in length (Nakajima
and Satoh, 2001; Ercilla et al., 2002) and aggrade
progressively less (‘becoming less depositional’; see
Normark et al., 2002) in down slope direction.
The fine-grained sediment waves consist of mud to
fine sand, with the coarser grain sizes deposited on
the stoss side (Ercilla et al., 2002). Generally the
stoss side aggradation is much in excess of the lee
side aggradation (Fig. 1A), where even truncations
occur (see Fig. 1B; Migeon et al., 2000; Flood et
al., 1995; Migeon et al., 2006).
The coarse-grained sediment waves are often
located in proximal part of submarine fan systems,
such as in canyons, channels, and channel-lobe
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Fig. 3. A) Profiles of seafloor from the upper Monterey Canyon floor (Smith et al., 2005) and a profile from the upper Var
Canyon floor (Malinverno et al., 1988). B) Drawing of a downslope asymmetrical coarse-grained sediment wave, after a photograph taken from a submersible in the Eastern Valley of the Laurentian Fan (redrawn from Hughes Clarke et al., 1990). Flow
direction was from left to right in both figures.
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transitions (Wynn et al., 2002). Wave lengths of
coarse-grained sediment waves reach up to 1 km
with wave heights up to 10 m. They typically consist of sand and/or gravel and often show upslope
migration. Examples of coarse-grained sediment
waves can be found in the Monterey Canyon
(Smith et al., 2005; Smith et al 2007, Xu et al.,
2008), the Var Canyon (Piper & Savoye, 1993)
and in the Eastern Valley on the Laurentian Fan
(Piper et al., 1985; Hughes Clarke et al., 1990).
2.1.  Significance of sediment wave symmetry

Fine-grained sediment waves are mostly symmetrical
to upslope asymmetrical in their morphology,
although downslope asymmetrical geometries have
also been found (Fig. 1A). Geometry of coarsegrained sediment waves vary similarly, although

downslope asymmetry seems more common.
Fig. 3A shows cross profiles from coarse-grained
sediment waves of both Monterey Canyon and
Var Canyon. Hence, downslope asymmetries seem
to characterise confined, high-energy settings,
while the upslope asymmetries are apparently
more representative for fine-grained sediment
waves in unconfined, low energy environments.
Importantly, the variety in asymmetries is not
characteristic for dunes, which are downslope
asymmetrical, and neither for antidunes which
have a symmetrical geometry.
The only bedforms that have such wide
range of asymmetries are cyclic steps. Downslope
asymmetrical cyclic steps have been observed experimentally, in subaerial flows carrying high-
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Fig. 4. A) Train of downslope asymmetrical cyclic steps formed by a fluvial flow over an erodible bed of silica sand (D50=60
μm) modified from Yokokawa et al. (2009). B) Train of three, upslope asymmetrical cyclic steps followed by a series of antidunes further downslope. Experiments were done with a saline density flow over an erodible bed of plastic beads (modified
from Spinewine et al., 2009).
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suspension loads (Winterwerp et al., 1992; Taki
and Parker, 2005; Yokokawa et al., 2009; Fig. 4A)
and in high-concentrated turbidity current experiments (Jorritsma, 1973; Mastbergen & Bezuijen,
1988). In contrast, upslope asymmetrical cyclic
steps were observed in the experiments of Spinewine et al. (2009), where they developed below
saline, supercritical density currents flowing over
an aggrading sediment wedge of plastic beads (Fig.
4B), where the saline flow models suspension load
and the plastic beads model bed load. Such a clear
distinction between bed load and suspension load
would be expected to occur in less energetic, unconfined settings. Spinewine et al. (2009) compared the internal structure of the cyclic steps (Fig.
4A) with sediment waves found on the levees of
the Toyama deep-sea channel. Hence, downslope
asymmetry would be characteristic for high energy
and upslope asymmetry for low energy settings for
both sediment waves and cyclic steps.
2.2.  Internal structure and sedimentary facies of
sediment waves

Internal structures and sedimentary facies of finegrained sediment waves are relatively well-known
from seismic reflection profiles and sediment cores,
in contrast to coarse-grained sediment waves where
internal structures are less often observed. Migeon
et al. (2001) described three facies types from
cores taken from fine-grained sediment waves on
the Var Sedimentary Ridge: i) structureless sands;
ii) parallel laminated (most common) sands; and
iii) cross-stratified sands. Notably, these facies
were found in combination with mud and rip-up
clasts and flame structures (Migeon et al., 2001).
Recent experiments focusing on sedimentary facies
related to the hydraulic jump in turbidity currents
demonstrate that the location of the hydraulic
jump is manifested by massive, coarse-tail graded
deposits with flames at their base and mud clasts
floating in the sand (Postma et al., 2009). The
parallel laminated sands described by Migeon et al.
(2001) are characteristic for plane bed lamination
formed by flows with Froude numbers just below
unity, while the cross-stratified sands are formed by
subcritical flows. Hence, there are facies types that
characterise three different flow conditions with
quite different Froude numbers, which can only
be reconciled by the cyclic step bedform (compare
Fig. 2). Depositional evidences for supercritical
flows are less common, which is probably related to
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their erosive nature. However, seismic data of the
Orinoco sediment-wave field show symmetrical
bedforms superimposed on the sediment waves
(Ercilla et al., 2002). These smaller symmetrical
bedform could be interpreted as antidunes, which
point to supercritical flows. Observations from
flume experiments indeed indicate that antidunes
can be found related to (see Spinewine et al. 2009)
and superimposed on cyclic steps (Cartigny et al.,
2009).
Observations from a submersible in the
Eastern Valley of the Laurentian Fan show that
the internal structures of some coarse-grained
sediment waves consist of bouldery conglomerates with rip-up clasts and normally graded gravel
beds rich in mud-clasts, while cross-stratifications
(which would be characteristic for ‘normal’ gravel
dunes) were not found (Fig. 3B, Hughes Clarke et
al., 1990). The upper surface of the sediment waves
is thinly draped by a normally graded, sandy mud
deposit on top of a boulder lag (Fig. 4B; Hughes
Clarke et al., 1990). This boulder lag drapes the
gravel bed as an outsized clast layer, much like the
ones described by Postma & Roep (1985). The latter authors relate the outsized clast layer to a decelerating traction carpet that is overridden by a
faster moving suspension layer (Postma & Roep,
1985; Postma et al. 1988). The texture described
by Fig.3B fits the effect of rapid flow deceleration
and instantaneous deposition of the coarse-grained
material just past the hydraulic jump locality ( in
the trough), which is accompanied by acceleration of the remaining suspension (cf. Postma et al.
2009) that forms the outsize clast layer.
The preservation of internal structures can
generally be understood in terms of combinations
of aggradation and migration rates. With increasing aggradation rates, cyclic step can have: Type-1)
aggradation on the stoss sides with more extensive
erosion of the lee side; Type-2) aggradation on the
stoss side with a similar amount of erosion on the
lee side; Type-3) aggradation on both lee and stoss
sides, with thicker and coarser beds on the stoss
side and thinner finer beds on the lee side (climbing cyclic steps).
Type -1 cyclic steps have been described from the
overspill in the Shepard Bend of the Monterey
Canyon (Fildani et al., 2006) and from the Eel
Canyon (Lamb et al., 2008), and are thought to
play an important role in the formation of new
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bend cut-offs in canyons. Internal structures of
these cyclic steps will eventually be fully eroded if
the new part of the canyon is formed;
Type-2 cyclic steps have been observed in flume
experiments (Mastbergen & Bezuijen, 1988;
Cartigny et al., 2009) and form if the overriding
flow is in equilibrium with the overall slope, in
such a way that there is neither overall aggradation
nor retrogradation. Here the internal structure
consist upslope dipping cross-stratification (backset bedding, see Fig. 2);
Type-3 cyclic steps are common for most finegrained sediment waves found on the seafloor.
This climbing behaviour has never been shown by
laboratory experiments, but this might be related
to waning stage of turbidity currents which is
usually not studied in experiments. Type-3 cyclic
steps leave both thick back-sets and thinner foresets (Fig. 1).
Summarizing, both geometries and internal
structures of sediment waves show resemblance to
cyclic steps as produced in experiments. Yet, there
is a large size difference between the laboratory
and seafloor bedforms and scale-independent numerical modeling is required to examine possible
relationship between geometry and a broad range
of flow properties.
3.   Numerical stability field study of cyclic steps

All models that have been used over the past
decades (Mastbergen, 1989; also presented in
Winterwerp et al. 1992 and Mastbergen &
Van Den Berg, 2003; Parker & Izumi, 2000;
Fagherazzi & Sun, 2003; Sun & Parker, 2005;
Kostic & Parker, 2006; Fildani et al., 2006) can
be simplified to a two-equation model, which is
used here. The two equations calculate flow depth
and velocity through (1) mass and (2) momentum
balance taking into account the gravity force, the
frictional forces (both with the seafloor and the
interface with ambient water) and the pressure
forces due to flow thickness variations. Mastbergen
(1989) and Winterwerp et al. (1992) required a
model that was able to evaluate sediment transport
variations and split the mass balance into a water
mass balance and a sediment mass balance,
resulting in a three equation model. To solve the
sediment mass balance equation, an additional
erosion and sedimentation module was included
to calculate changes in sediment concentrations
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due to flow interaction with the bed. The erosion
module was calibrated for high-concentration
flows, with relatively high flow velocities during
tests on subaerial cyclic step (Winterwerp et al,
1992). The model was later applied to subaqueous
cyclic step conditions as observed in Mastbergen
and Bezuijen (1988).
The four equation model of Parker (1986)
includes yet another equation (energy balance),
which enables calculation of turbulence dissipation. Kostic and Parker (2006) extended the four
equation model further to include a hydraulic
jump capturing method, which enabled the model
to locate a hydraulic jump without forcing one as a
boundary condition. This model was also used by
Fildani et al. (2006) to calculate a series of large scale
scours related to a turbidity current formed by the
overspill from the Shepard bend in the Monterey
canyon. For calibration Kostic and Parker (2006)
used the experiments of Garcia and Parker (1989),
which were done on low-concentration turbidity
currents with silica flour (5-70 μm).
Due to the different calibration settings
there are considerable differences in the behaviour
of the erosion modules used by Kostic and Parker
(2006), Mastbergen (1989) and Mastbergen and
Van den Berg (2003). The erosion modules are
not suitable for modeling the broad range of flows
aimed for in this paper, since there is no erosion
model, as yet, that is capable of predicting sensible
erosion rates for such a wide range of flow velocities and grain sizes as is done in this paper.
Since the aim of this paper is to create stability diagrams for the entire range of sediment
waves, we decided to use just the basic, two-equation model. Hence, we assume that the flow on a
given slope is in a steady state (hydraulic and morphologic), which means that there is no change in
sediment concentration due to erosion or deposition. The assumption is reasonable for trains of
sediment waves where variations in sediment concentration between two individual sediment waves
are not very large.
3.1.  The two-equation model

Mastbergen (1989) and Winterwerp et al. (1992)
simplified the cyclic step bed form into three,
geometrically defined parts (Fig. 5A). These
three parts are a direct consequence of the three
predetermined Froude numbers that define a cyclic
step. The Froude number before the hydraulic
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flow. These three Froude numbers divide the cyclic
step into three parts: The first part is the location
of the hydraulic jump, where the flow decelerates
and expands. The second part is the stoss side,
where the flow accelerates from subcritical up to

jump (Fr1 ) is a boundary condition that directly
follows from the specified initial values, the Froude
number behind the jump (Fr2 ) is conjugated to the
first Froude number and the Froude number at the
crest (Fr3 ) should be unity as for any overspilling
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Fig. 5. A) Schematic drawing of a series of three cyclic steps. B) Divides a single cyclic step into three numerical parts: the hydraulic jump, the stoss side and the lee side. As a result of the schematization a single cyclic step geometry is fully determined
by the length of the three parts and the combination of stoss and lee side slopes. C) Flow chart shows calculations which are
done to calculate bedform length, height and slope from the above mentioned input parameters. Model input is shown on the
top and left sides (U1, H1, C, α, and β), while model output is shown at bottom and right hand side (lengths of the hydraulic
jump, the stoss side, and the lee side). Combining the slopes and the lengths of each part also the overall length, height and
overall slope can be calculated.
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a critical condition on the crest of the cyclic step.
The third part is the lee side of the bed form where
the supercritical flow again accelerates up to the
trough and where the slope is strongly reduced
and the next hydraulic jump is forced. Hence, the
geometry of a cyclic step is fully determined by
length of the hydraulic jump, length of the stoss
side, length of the lee side and by the slopes of the
stoss and lee sides (Figure 5B).
If the slopes of the stoss and lee side are
known, then an estimate can be made of the
length of each part of the cyclic step, for a certain
combination of initial flow velocity (U1 ), initial
flow depth (H1 ) and sediment concentration (C).
The length of the first part (hydraulic jump) is estimated using an experimental dataset of Rajaratnam (1967). He related the hydraulic jump length
to the incoming Froude number and the angle (α)
of the incoming slope. The formulas of conjugated
flow depths, which follow from solving mass and
momentum equation (see Fig. 5C) over a hydraulic jump, gives the flow velocity (U2 ), flow depth
(H2 ) and the Froude number (Fr2 ) after the hydraulic jump.
The two-equation model first estimates the
distance needed in the second part to re-accelerate the subcritical flow (Fr2 ) up to critical conditions (Fr3 ). These equations evaluate changes in
flow properties as a result of gravity, friction and
pressure forces in the flow direction. Because they
neglect accelerations in vertical direction (the twoequation model in the subaqueous version of the
equations of gradually varying flow), they are only
applicable in flows that change gradually over distances much longer than the flow depth. The input
needed to accomplish this are initial flow properties (H2 ,U2 , C), slope of the stoss side ( β ) and a
friction coefficient ( f ). The bed friction coefficient
( f0 ) is calculated by the Colebrook roughness coefficient (ks ) and the Reynolds number (Re=UH/ν),
where ν is the kinematic viscosity calculated by dividing the apparent viscosity by mixture density.
The roughness coefficient is set to 3*D90 according
to Van Rijn (1984). The total friction coefficient is
defined as the sum of the bed friction and interface
friction ( fi ) where the interface friction is experimentally found to be 0.33*f0 (Mastbergen & Van
Den Berg, 2003).
After the flow reaches its critical Froude
number (Fr3 ), the two-equation model is used
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again to determine the length needed for the flow
to accelerate further on the lee side slope (α) until
the initial flow properties (U1 ,H1 ,Fr1 ) are established again. The combination of calculated length
and input slope defines a cyclic step geometry related to this specific set of initial flow properties.
Repeating these calculations for a wide range of
combination of initial flow properties (U1 ,H1 ,C),
a stability field is constructed for all possible geometries that can be formed for a particular combination of slopes and bed roughness (the above is
summarised in Fig. 5C). These stability fields show
possible combinations of cyclic step wave height,
length and slope. These plots are then compared
with datasets of sediment waves.
3.2.  Sensitivity analysis

A sensitivity analysis is made to estimate the
dependence of the numerical results on the input
parameters. Main input parameters are the lee
side slope (α), the stoss side slope ( β ) and the
bed roughness (ks ). All three input parameters will
be tested separately and compared to reference
scenario. Reference scenario has a bed roughness
of 0.025 [m] with 0.33 (18°) lee side slope and
0.03 (1°7) stoss side slope. These values resemble
typical coarse-grained sediment waves as are found,
for example, in the upper reach of the Monterey
Submarine Canyon (Smith et al., 2005).
The plots in Figure 6A show that the length
of cyclic steps increases with both Froude number and discharge, while their average slope is a
function mainly of the Froude number. First, the
roughness dependence is tested. The roughness is
decreased from 0.025 m to 0.0025 m in Fig.6B.
Deviations from the reference plot are small, which
shows minor dependence on bed roughness. This
can be explained by the fact that the friction force
is almost negligible compared to the internal friction related to the energy loss in the hydraulic
jump. After all, in the momentum equation there
is a balance between gravity force and overall friction. The energy loss in the hydraulic jump results
in a high average friction coefficient and a steep
average slope if a continuous flow model would
be applies (Mastbergen & Van Den Berg, 2003).
Since in the case of cyclic steps the hydraulic jump
is explicitly modeled, the energy loss is related to
Froude number and cyclic step geometry and not
to a friction coefficient. Because the friction term
as applied here only includeds, it can be concluded
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Fig. 6. In the graphs at the left, cyclic step length is plotted against
specific discharge (horizontal axis)
and Froude number (given in
coloured solid lines according to
colour legend) and in graphs at
the right, average bedform slope
is plotted against Froude number
(horizontal axis) and discharge (in
coloured solid lines according to
colour legend). The black solid lines
in each figure are reference allowing
easy comparison of the plots of the
various scenarios. A) Reference scenario with ks =0.025 comparable to
a D90 of very coarse sand roughness,
α=0.33 [-] and β=0.03 [-]; B) Results for a bed roughness ten times
smaller than in A comparable to a
D90 of very fine sand; C) Results for
a change in lee side slope from 0.33
to 0.23, equivalent to a measuring
error of 30% in the lee side slope.
D) Results for a change in stoss
side slope from 0.03 [-] to 0.02 [-],
equivalent to a measuring error of
33% in the stoss side slope.
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that bed roughness has only minor influence on
cyclic step geometry.
Second, the effect of a change in lee side slope
is taken into account. Lee sides are here 0.23 (13°)
instead of 0.33 (18°) as before. Figure 6C shows a
pronounced effect of this change in slope in comparison to the reference scenario. The equations
of gradually changing flow (Fig. 5C) show that
changes in flow depth and flow velocity are proportional to changes in slope. Yet, the pronounced

2
2.5
Froude number [-]

3

0

increase in cyclic step length is not proportional
due to the fact that the slope of the stoss side is left
unchanged. A decrease in lee side slope will result
in a smaller component of the gravity force along
the slope, and this will slow down the acceleration
on the lee side. As a result cyclic steps grow longer.
This increases the total step length while decreasing the average slopes. The effect is stronger for the
length than for the aspect ratio, because a gentler
lee slope is compensated by a longer lee side, which
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increases the average slope again. Finally, a change
in stoss side slopes from 0.03 (1°7) to 0.02 (1°1)
results again in longer and less steep cyclic steps
(Fig. 6D). The cyclic step length is still increasing, but not as much as in the previous case, due
to a smaller effect of the gravity force on the stoss
side compared to the lee side. Both the decrease in
stoss-side slope and the length of the stoss-side will
bring down the average slope.
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A

1

10

10

Froude number before
hydraulic jump [-]

B

Specific discharge [m2/s]
100

Summarizing, the sensitivity analysis shows
that slopes of the lee and stoss side are the most
important input parameters. Lee-side slopes are
most important for the average slope and are close
to having a proportional effect on the average
slope. Stoss side slopes determine predominantly
the bedform length, which relation is also more or
less proportional. Bed roughness appears to be far
less important. Hence, the accuracy of the model
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Fig. 7. All diagrams show cyclic step length against cyclic step height, while each dot represents a numerically predicted geometry of one specific combination of input parameters (U1 , H1, and C). Each stability diagram shows a different input parameter
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is mainly dependent and nearly proportional to
the accuracy of the slopes that are used as input.
3.3.  General description of cyclic steps model
results

Model runs were made for a broad range of different
initial flow conditions (U1= 1-8 [m/s], H1=0.1-100
[m], C=0-0.15 [-]) and a specific combination of
input parameter (ks =0.025 [m], α=0.33, β=0.03) .
The resulting geometries expressed by their length
and height were plotted in the Fig.7, where the
colours indicate flow velocities (U1 ), flow depth
(H1 ), sediment concentration (C ), Froude
number (Fr1 ) and specific discharge (q). The
specific discharge is defined as the product of the
flow depth and flow velocity, which represents the
discharge of the turbidity current per unit width of
the canyon or channel.
The diagrams in Fig. 7 show that cyclic step
geometries mainly vary as a function of the Froude
number and specific discharge. The plots can be
described as being built up by lines radiating away
from the origin. These are lines of constant Froude
number, which indicate that the aspect ratio H/L
(slope of the lines in the figure) of cyclic steps is
fully determined by the initial Froude number.
High Froude numbers produce cyclic steps with
long and steep lee-side slopes required by the flow
to regain its initial Froude number for the beginning of the next step. Note also that specific discharge increases away from the origin along lines of
constant Froude numbers. The two relations thus
imply that cyclic step geometries are defined by a
unique combination of Froude number (Fig. 7A)
and specific discharge (Fig. 7B); the dimensionless
aspect ratio is coupled to a specific Froude number (dimensionless, hence applicable to all scales)
while cyclic step length for a given aspect ratio will
be determined by the specific discharge (dimensionfull, neccesary to give a scale to the otherwise
dimensionless ratios).
The relation of cyclic step geometries to flow
depth and flow velocity is less obvious (see Fig.
7D,E), due to the influence of sediment concentration (Fig. 7F). The Froude number is still the
main parameter, as can also be read from the equations (Fig. 5C). Froude numbers are a function of
U,H and C. So different combinations of U,H and
C can lead to a similar Froude number. For this
reason coupling geometries to Froude numbers
and specifc discharges show more clear trends and,
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therefore, the focus is on those two parameters.
Figure 7C shows that cyclic steps can only
be established for a specific range of conditions.
This range of cyclic step geometries (stability field)
is indicated in figure 7C by dark grey shaded area
(i). The field is limited mainly by a range of densimetric Froude numbers (Fr1=1-5). Froude numbers below 1 indicate that no hydraulic jump is
formed and that no cyclic steps are created, as is
indicated in Fig. 7C by the light grey shaded area
(iii). Froude numbers above 5 do not give a solution because the slope on the lee side, in this case
α=0.33, is not steep enough to return the flow back
to the initial Froude number.
4.   Application of the model to turbidity current
sediment waves
4.1.  Comparing numerically obtained stability fields
with empirical coarse-grained sediment wave data

The numerical results are now compared with
the sediment wave data. First a comparison is
made with a dataset of coarse-grained sediment
wave geometries collected by Wynn et al. (2002).
They plotted a collection of modern and ancient
sediment wave heights against sediment wave
lengths on a log-log scale, which shows a positive
correlation between these two dimensions. The
modeling results used for this comparison are
the same as described above (α=0.33, β=0.03,
ks =0.025). Numerical results and field data are
plotted together in Figure 8.
The plots of the empirical data in the stability field diagrams of Fig. 8 show that sediment
waves and cyclic steps have the same positive correlation between length and height. Although
most of the sediment wave data fit into the numerical results, it should be kept in mind that the
modeling results only hold for the selected input
parameters (α=0.33, β=0.03, ks =0.025), while the
lee side slope (α) limits Froude numbers to 5. For
steeper lee sides, this boundary will shift further up
in the diagram to higher aspect ratios. Yet, if sediment waves have about the same slopes and bed
roughness as the input values, then these figures
can be used to estimate flow condition forming
these sediment waves. For example, in the Eastern
Valley of the Laurentian Fan sediment wave length
increases down slope (Piper et al., 1988). If it is assumed that the sediment waves of Laurentian Fan
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have similar lee and stoss side slopes as used here
(α=0.33, β=0.03), then it can be seen that with increasing lengths Froude numbers are going down
while discharges are going up. This would indicate
that the discharge of the turbidity current is increasing while flowing down slope. This increase
in discharge could result from erosion and/or water entrainment. The numerical estimates for the
flow velocities (2-7 m/s) and flow depths (1-30 m)
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To illustrate the use of the stability diagrams
further, a train of coarse-grained sediment waves
described from the upper reach of the Monterey
Canyon is now examined in more detail (Fig. 9A).
The advantage of this dataset is that the sediment
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Fig. 8. Plots show the relation between cyclic step length and height on a log–log scale. Solid coloured lines refer to parameter
values given by the colour legend. Diagram A shows geometrical stability fields for the densimetric Froude number before the
hydraulic jump (Fr1 ; Similar for diagram B for specific discharge (q), Diagram C for flow velocity before the hydraulic jump
(U1 ) and Diagram D for flow depth before the hydraulic jump (H1 )). Note that the colour legend for specific discharge and
flow depth is logarithmic. On top of the numerical results the coarse-grained sediment wave data of Wynn et al. (2002) are
plotted in black.
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Fig. 9. A) Multibeam sonar data showing the bathymetry of the upper part of the Monterey Canyon (Smith et al., 2005).
Tributary canyons coming from the right before coalescing into the main canyon. B) Profiles of the canyon floor showing the
cyclic step geometries (Smith et al., 2005). Location is indicated in 9A. C) Position of sediment wave crests indicated at September 2004 (black lines) and November 2004 (gray lines) (Smith et al., 2007). Crest show upstream migration over a period
of 32 days. Position is indicated by square in 9A.
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canyon side). Combining upslope migration with
a downslope asymmetrical geometry it is assumed
here that cyclic steps form a likely interpretation
for these sediment waves.
The two-equation cyclic step model is used
to couple changes in flow properties to geometrical trends over the series of sediment waves (Fig.
10). The sediment waves from the top of profile
B to bottom of profile A (Fig. B) have been numbered 1-7 (see Table 1). The profiles show that
downslope the sediment waves are getting longer
(Fig. 10A), while their heights are more or less stable (Fig. 10 B), leading to decreasing aspect ratios
(see Fig. 10C).
General properties of the lee- and stoss-side
slopes were deduced from profiles A and B in Figure 10B (Smith et al., 2005), and are summarised
in Table 1. Sediment samples taken from the upper part of the Monterey canyon show that sediment consist mainly of silt and sand (Paull et al.,
2005). Setting D90 to very coarse sand means that
the roughness (ks ) can be set to 0.025 [m]. The
model was run for a broad range of flow depths,
flow velocities and sediment concentrations on average profile slopes (α=0.33, β=0.03). A selection
of the results of these simulations is shown in Figure 11, where cyclic-step slopes are plotted against
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cyclic-step lengths. In these plots preference is
given to slopes instead of cyclic step heights, because it gives a better spread of the data. This is not
influencing the results because every combination
of height, length, lee side and stoss side slope has a
unique average slope.
Starting at the most upslope sediment wave
in the profile it can be seen that bedform length
increases rapidly downslope. According to the
modeling data this is associated with an increase in
specific discharge from 0.5 to 1.5 m2/s (Fig. 11).
This could be the result of water entrainment and/
or sediment erosion. On top of that there is also
a widening of the channel over profile B, indicating that the increasing discharge per metre canyon width is high enough to compensate for the
channel widening. In to the lower profile (A) the
specific discharge has increased to about 4 m2/s.
This could be due to either more water entrainment or erosion or additional input from a second
tributary canyon which is linked to the canyon in
between profile A and B.
In the upper profile, maximum velocities are
predicted around 2.5 m/s. Although Froude numbers are more or less stable at 4.5 over the upper
profile, maximum velocities are increasing. Froude
numbers remain more or less stable due to an in-
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Fig. 11. Cyclic step lengths are plotted against average slope. Sediment waves of the Monterey canyon are plotted on top of the
data in black circles (profile B) and diamonds (profile A). Grey arrow indicates the overall trends down canyon.
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Table 1. Collection of sediment wave geometries measured from
seismic and multibeam sonar data which is used for the numerical
simulations.
Lee
side
slope
[-]

Stoss
side
slope
[-]

Sediment
wave slope
[-]

Sediment
wave
length [-]

Sediment
wave
heigth [-]

Monterey Canyon, profile B (Smith et al., 2005)
Step 1

0.33

-0.04

0.14

20

2.8

Step 2

0.31

-0.01

0.13

25

3.2

Step 3

0.33

-0.06

0.09

37

3

Step 4

0.42

-0.04

0.077

38

2.5

Profile
Average

0.35

-0.04

0.08

38

2.8

Monterey Canyon, profile A (Smith et al., 2005)
Step 5

0.43

-0.01

0.063

62

3.6

Step 6

0.24

-0.02

0.042

46

2.5

Step 7

0.26

-0.03

0.068

56

3

Profile
Average

0.30

-0.02

0.058

55

3

Makassar strait (Normark et al., 2002)
Step 1

0.15

-0.05

0.09

327

Step 2
Step 3

0.09

0.04

0.03

471

0.03

-0.02

0.01

284

Step 4

0.09

-0.03

0.02

238

Step 5

0.06

-0.02

0.02

347

Step 6

0.08

-0.03

0.04

328

Profile
Average

0.083

-0.03

0.04

333

Amazon fan (Normark et al., 2002)
Step 1

0.03

-0.02

530

Step 2

0.024

-0.01

459

Step 3

0.026

-0.02

501

Profile
Average

0.027

-0.02

497

creasing flow depth, indicating an erosive flow that
possibly shows auto ignition (Parker et al., 1986).
This is in line with data of Smith et al. (2007)
which show that this part of the canyon has been
subjected to erosion over the time period associated with the upslope-migration of the sediment
waves. In the lower profile of Fig. 10B, both flow
depth and flow velocities have further increased to
1 m and 4 m/s, respectively. Here Froude numbers
are falling to about 3.5, which is due to a more
rapid increase in flow depth in relation to flow
velocity. This decrease in Froude number was expected based on the decreasing aspect ratios (Fig.

5

C), and is in line with the relation found earlier
between aspect ratio and Froude number.
Several turbidity current events in the
Monterey canyon were measured by Xu et al.
(2004). Their most up slope measuring point is
about 10 km further down canyon from the sediment wave profiles of Smith et al. (2005). At this
most upslope measuring station they found maximum velocities of about 1.5 m/s at 10 m above
the canyon floor. Combining this with a measured total flow depth of about 40 m, densimetric
Froude numbers vary between 0.09-0.32 for concentrations ranging between 0.01 to 0.15 [-]. Specific discharge during these measurements are then
around 30 m2/s. Extrapolating the numerical data
further downstream indicates a further increase in
discharge and drop in Froude number, which is
in line with the measured data. This would also
imply that sediment waves should stop to exist in
between the upper profile and the measuring station, due to a transition from supercritical to subcritical flow. The last sediment waves found on the
bathymetric maps of Smith et al. (2007), which
are 4 km downslope of the upper profile and 6
km upslope of the first measuring station, seem to
confirm this transition. However, this could also
be related to a decreasing accuracy in the bathymetry with increasing water depth. The bathymetrical data also show longer sediment waves of over
200 m about 3 km further down canyon. These
longer sediment waves are another indication of a
further rising discharge which is in agreement with
the modeling results and erosion measurements
(Smith et al., 2007).
4.3.  Comparing general characteristics to finegrained sediment wave data

In Figure 12 the fine-grained sediment wave data
collected by Normark et al. (2002) is plotted
together with the cyclic step data (in colour)
representing two different numerical datasets. The
orange data show results for the input parameter
values (see Table 1) taken from sediment waves that
developed on the overbank area of a Pleistocene
leveed channel in Makassar strait (Normark et al.,
2002). The original data is indicated by a K and an
arrow below. The light blue data show the results
based on sediment waves on a levee of the Amazon
Fan (Normark et al., 2002).
The second numerical dataset is included
here to allow for the much larger relative differ-
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ence in measured bedform slopes, which makes the
spread of data larger than for coarse-grained sediment waves. Fine-grained sediment waves consist
of much lower angles, making the differences in
slopes between the datasets more important. Lee
side slopes for the Kalimantan and Amazon cases
are on average 0.08 and 0.03, respectively. This
makes the lee sides in Kalimantan 2.5 times steeper than the Amazon lee sides. A difference of 0.05
in slope on coarse-grained sediment waves where
average lee sides were 0.33, however, is negligible.
The numerical cyclic step datasets show both the
increase in aspect ratio, associated with the higher
slopes in the Makassar Strait, and the similarity
in length-height trends for both datasets, which
points again to the strong analogies between sediment waves and cyclic steps.

for each sediment wave instead of using averaged
values as done before. The corresponding specific
discharges, Froude numbers, flow depth and flow
velocities are given in Table 2.
Calculated average Froude numbers are
around 3.8. These Froude numbers show a close
relation to local slopes (Fig. 13C). Discharge averages around 17 m2/s over the six sediment waves.
The specific discharges plotted for the six sediment
waves show first an increasing trend followed by
a decreasing trend (Fig 13C). It is remarkable to
have such abrupt discharge increase before decreasing again. The seismic dataset shows that
fluctuations in sediment wave lengths are very
common, so that a measurement error is not very
likely. If sediment wave lengths are plotted along
a line from the channel following the red arrows
in figure 13F, then first there is a decreasing trend
followed by two increasing and decreasing trends
(Fig. 13E). Combining this with the assumption
that the flow is perpendicular to the bedforms, it
can be seen that if two overspilling flows combine,
an increase in sediment wave length is found (Fig.
13F), which would confirm the numerical prediction that the sediment wave length is mainly correlated to the discharge.

4.4.  Comparison to fine-grained sediment waves on
leveed channel in Makassar Strait

Seismic-reflection profiles of the Pleistocene leveed
channel in the Makassar Strait in Kalimantan,
Indonesia show a series of six sediment waves
(Posamentier et al., 2000; Normark et al., 2002;
Fig. 13A) with good measurable geometries that
are listed in Table 1. Due to the large variations
in both slope and geometry, modeling was done
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Fig. 9. A) Multibeam sonar data showing the bathymetry of the upper part of the Monterey Canyon (Smith et al., 2005).
Tributary canyons coming from the right before coalescing into the main canyon. B) Profiles of the canyon floor showing the
cyclic step geometries (Smith et al., 2005). Location is indicated in 9A. C) Position of sediment wave crests indicated at September 2004 (black lines) and November 2004 (gray lines) (Smith et al., 2007). Crest show upstream migration over a period
of 32 days. Position is indicated by square in 9A.

4.5.  Comparison to fine-grained sediment waves on
Amazon Fan

In contrast to the Kalimantan system, sediment
waves on the levees of the middle fan channel
of the Amazon Fan consist of much more gentle
slopes. Here a series of three sediment waves were
selected for comparison to the numerical results.
Table 1 states the length and slopes of the three
sediment waves shown in Figure 14 (Flood et al.,
1995; Normark et al., 2002).
Calculations run on averaged properties of
the geometries predict flows with specific discharges of 4.5 [m2/s] and maximum Froude numbers of
3.2. This leads to flows with depths of 1.4 m and
velocities of 3.8 m/s on the toe of the lee side.
Pirmez and Imran (2003) have numerically
estimated flow depth and discharge through the
Amazon fan system. At the location of ODC Site
930 they estimate flow depths in the main channel
of about 170 m in a channel of about 40 m deep.

If it is assumed that Froude numbers equal unity
while overspilling, then for sediment concentrations of 0.01 this leads to overspilling velocities
of 4.3 m/s and a discharge of about 400 m3/s per
metre of levee. Comparing this to the discharges
found by our calculations (4.5 m3/s) per metre of
sediment wave, our numerically obtained result
seems to be too low.
This could have several reasons. First, an
overestimation of the flow depth in the channel
may have been caused by not including overspill
and lateral spreading into the calculations (Pirmez
& Imran, 2003). The amount of overspill calculated from the flow depth simulations of Pirmez and
Imran (2003) seems also very high if the overspilling discharge is compared with the total discharge.
Total discharges are estimated at about 1*106 m3/s
(Pirmez and Imran, 2003), while at overspilling
discharges of 400 m3/s per metre levee, this would
lead to 0.8 *106 m3/s of overspill per kilometre of
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Table 2. Results of each simulation for the selected sediment
wave in Makassar Strait are indicated in this Table.

Specific
discharge
[m2/s]

Froude
number
[Fr1’]

Flow
velocity
[U1’]

Flow
depth
[H1’]

Step 1

12

6.5

4

3

Step 2

25

3.5

5

5

Step 3

20

2.5

4

5

Step 4

18

2.5

3

6

Step 5

12

3.5

4

3

Step 6

12

4

5.2

2.3

Average

16.5

3.8

4.2

4.1

channel. So 80% of the total discharge should be
lost over every kilometre and in order to maintain
the flow this should be replenished by water entrainment, which seems unlikely, due to the rapid
decrease of sediment concentration it would cause.
Secondly, the sediment waves studies here are the
last part of a longer train of sediment waves (Flood
et al., 1995). The sediment waves further upslope
are longer and more depositional. This implies
that part of the overspilling discharge is already
lost over these first sediment waves.
5.   Discussion

Stability diagrams of fluvial bedforms span from
ripples, dunes, upper-plain bed to anti-dunes
before ending at cyclic steps. All requirements to
form similar bedforms, like erodible substrate,
friction and a flow interface, can also be formed in
turbidity currents (Postma et al., 2009). Therefore,
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it is likely that a similar range of bedforms can be
found on submarine fans. However, sediment laden
flows have higher Froude numbers due to lower
density differences. Therefore, they are more likely
to form supercritical bedforms. Combinations of
upslope migration, different asymmetrical shapes,
lack of cross-bedding and internal structures
dominated by back-set bedding, make a cyclic
step interpretation for many sediment waves
reasonable. All sediment wave interpretations,
their internal structures and formation conditions
are recapitulated in Figure 15.
Dune interpretations are mostly related to
coarse-grained sediment waves, due to their comparable downslope asymmetrical geometries. Aspect ratios of dunes (giant ripples) and sediment
waves show similar trends (Wynn et al., 2002).
However, here it is shown that aspect ratios of
cyclic step and sediment waves are also very similar, which makes bedform geometries a poor discriminator. A better discriminator is migration
direction. Dunes migrate downslope while cyclic
steps migrate upslope. Unfortunately, migration
directions are not always easily observed. Only if
there are several measurements over time like those
collected by Smith et al. (2007), or if crests of the
sediment waves can be traced over the full channel or canyon width, a migration direction can be
deduced. In most cases sediment wave crests curve
downslope, if approaching the sides of the channel. For both bedforms, migration velocity is positively correlated to the flow velocity, so for dunes
this would point to higher velocity at the sides of
the channel, while for cyclic step this would indicate maximum velocities in the channel axis.
Larger flow depths and less friction make it more

2

1

Fig. 14. High-resolution 3.5-kHz profiles of sediment waves on Amazon Fan (Flood et al., 1995; Normark et al., 2002).
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likely that maximum velocities occur in the channel axis.
Also the lee side slope can be an indication for the type of bedform, although it should
be kept in mind that the bedforms might have
been reworked or slumped after their formation.
Dunes form lee side slopes that are less or equal
to the angle of repose (30°). Cyclic steps can form
a large range of lee side angles. Angles below the
angle of repose are therefore not a useful indicator
of the bedform type, however, lee side angle have
been found to be steeper than the angle of repose.
Such steep lee sides are only possible if the lee side
is either eroded in cohesive material or if erosion
is being limited by permeability (breaching ; Van
den Berg et al., 2002). Erosion at the lee side of
the bed form is a strong indicator for cyclic steps
or antidunes, because dunes are only eroding on
their stoss sides.
Yet another indication to distinguish dunes
from cyclic steps is found in the climbing (type3) behaviour that is often seen in sediment waves,
where deposits form on both stoss and lee side (Fig.
15). Dunes are unable to show climbing behaviour
due to damping of turbulence at the high near-bed
concentrations that characterise turbidity currents.
The damping of turbulence suppresses the development of a flow vortex , a necessary condition to
the formation of dunes (Fig. 15; Bagnold, 1966;
Bridge & Best, 1988; Van Den Berg et al., 2007).
For the same reason even non-climbing dunes
might already be unlikely to form under turbidity
currents. Cyclic steps do not have this limitation;
experiments show their formation under flows
dominated by suspension load (Jorritsma, 1973;
Mastbergen and Bezuijen, 1988).
The most powerful indication, but also the
most hard to observe, is the internal structure,
where backsets point to cyclic steps, while foresets indicate dunes. Unfortunately this is often
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unknown, due the large clasts preventing coring.
Some outcrop data (Piper & Kontopoulos, 1994)
have shown foresets in small sediment waves, while
pictures from a submersible found no cross bedding in an underwater outcrop (Hughes Clarke et
al., 1990).
Normark et al. (1980) interpreted sediment
waves as antidunes. This argument was mainly
based on the upslope migration of sediment waves
and the comparable symmetrical geometry. However, experimental work has shown that antidunes
are unlikely to form stable internal structures as
is often found in sediment waves, due to their instable and breaking nature (Fig.15; Alexander et
al. 2001). If for sake of simplicity it is assumed
that large scale antidunes are able to form stable
bedforms, then there are two possibilities to distinguish them from cyclic steps: 1) antidunes show
equal slopes on both sides where cyclic step have
steeper lee sides and more gentle stoss sides and 2)
if an asymmetrical sediment wave is observed in
a train of sediment waves then a cyclic step interpretation is more likely. Experiments have shown
that cyclic steps are in general one order of magnitude larger than antidunes (Cartigny et al., 2009).
It is therefore unlikely to form antidunes and cyclic step of the same magnitude in a single train of
sediment waves. The experiments have shown that
there is a gradual transition between antidunes and
cyclic steps (Cartigny et al., 2009). If a large train
of antidunes form and Froude number is still increasing, then part of the antidunes start to break
while other parts return to upper-stage plane bed.
This triggers a slightly undulating bed beneath
the antidune train. This much longer (one order
of magnitude larger than an antidune) undulating
bed will then amplify and form a large cyclic step.
A similar transition and length difference between
antidunes and cyclic steps was observed in the experiments of Spinewine et al., 2009. Such super-

Fig. 15. Comparison of properties of three possible interpretations of sediment waves: dunes, antidunes and cyclic steps. The
top row indicates migration direction and fluid dynamics. The middle row shows the theoretical internal structures of the different bedforms. Strong aggradional dunes are indicated by a cross, as they are unable to form due to damping of turbulence
at the high near-bed concentration. The internal structures of antidunes are marked by a question mark, because experimental
evidence (Alexander et al., 2001) has shown that antidunes have an instable and breaking nature that would prevent them from
forming such stable internal structures. The grain size distributions and typical bed slope angles are shown below the internal
structures. The bars of the lowermost graph show the different bedforms related to their formation conditions expressed by the
maximum value of the Froude number over a bedform.
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positioning of antidunes on top of large sediment
waves can also be seen at the seismic of the Orinoco sediment wave field (Ercilla et al., 2002; in
their Fig. 7 and 12).
Flood (1988) has interpreted sediment
waves as the result of internal waves in low concentrated flows moving over an obstacle predicting acceleration over the bedform causing it to migrate upslope. Our model differs from the model
of Flood by considering a single breaking internal
wave (hydraulic jump) instead of a stack of nonbreaking internal waves. Depending on the concentration profile both models may be valid. At
low concentrations with abundant mixing at the
interface, concentration profiles will become very
gradual and a stack of internal waves forms instead
of a single hydraulic jump. Yet, if lee waves become too steep and start to break, the model of
Flood (1988) ceases to be valid. Massive sands and
flame structures found on the stoss sides of sediment waves are indicating that hydraulic jumps
(hence, breaking waves) are occurring frequently,
which makes the assumption of a hydraulic jump
preferable to non-breaking lee waves.
Kubo and Nakajima (2002) proposed that
sediment waves can result from antecedent topography on the seafloor. This could of course be the
case, although this will just shift the question further down in the deposits. What are these preexisting topographies? They seem very regular and
are found over such a wide variety of submarine
systems, that it seems most likely that they have
formed there by local flows, which brings us back
to our previous question: What is the process associated with the initiation of sediment waves? Initiation by breaking antidunes leading to a gradual
transformation from antidunes into cyclic steps
seems a more likely triggering mechanism, because
this process could explain the regularity of patterns
over a wide variety of submarine fan systems.
6.   Conclusions

Sediment waves generated by turbidity currents are
found over a broad range of shapes, sizes and grain
sizes, just like bedforms in fluvial settings. Internal
structures hold the clearest evidence to distinguish
between sub- and supercritical bedforms, where
fore-sets point to lower flow regime dunes and
back-sets to antidunes or cyclic steps. Anti-dunes
and cyclic steps can be further distinguished by

5

their different scale and their symmetry; standing
waves that build anti-dunes force symmetrical
bedforms. Higher resolution internal structures,
such as fining in grain size down-slope over a
sediment wave, massive sand and flame structures
on the stoss side and erosional truncations on the
lee side form additional arguments to discriminate
between antidunes and cyclic steps.
Sediment waves form only over a certain
range of aspect ratios. The various aspect ratios
are plotted in numerically obtained stability diagrams for a broad range of flow properties, such
as flow velocity, flow depth, flow concentration,
and grain size. The results show that the calculated
aspect-ratio range applies to natural cyclic steps.
This strengthens the previous argument that many
sediment waves can be interpreted as cyclic steps,
while physical reasoning for the limitation in aspect ratios can be given.
If a series of sediment waves show the internal structure and geometry of cyclic steps, then
basic numerical modeling can calculate important
paleo-current information such as Froude numbers and discharges. Hence, the differences in dimensions and shape of a train of sediment waves
covering a canyon, channel or levee can be coupled
to changes in paleo-flow hydraulics.
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Experimental studies of supercritical bedforms applied
to coarse-grained turbidite deposits of the Tabernas intermontane Basin (SE Spain, late Miocene)
Matthieu J.B. Cartigny, George Postma, Kick Kleverlaan, Dario Ventra and Jan H. van den Berg
Abstract

Modern submarine canyon floors are in many cases covered with bedform patterns
linked to supercritical turbidity currents. However, outcrop recognition of sedimentary
structures associated with such bedforms has been rare. Here a conceptual model of
facies characteristics for supercritical turbidity current is presented to facilitate outcrop
recognition of these bedforms. On the basis of experimental work on sedimentary
structures produced by supercritical free-surface flows and on the vertical flow structures
of high-density turbidity currents, a 3-dimensional bedform stability diagram for turbidity
currents and a related sedimentary facies diagram were constructed. To allow scaling of
this diagram to natural flows, four non-dimensional parameters were used: 1) densimetric
Froude number, 2) grain-roughness related mobility parameter, 3) dimensionless grain
size and 4) sediment concentration in the basal layer. Combinations of bedforms and
basal layer sediment concentrations were linked to a characteristic facies. Numerical and
theoretical models from the literature and from observations of modern turbidite systems
were used to estimate characteristic dimensions of the bedforms formed below turbidity
currents of various concentration and grain size. The model was applied to a sequence
of four outcrops spanning the transition from canyon to fan of the turbidite fan systems
in the Tabernas Basin (SE Spain, late Miocene). An idealized vertical succession was
deduced from the model and is discussed in the context of classical models of highdensity turbidity current deposits. It is concluded that the vertical sequence of supercritical
bedforms derived from our modelling and apparent from studies in modern canyons, has
to date not been recognized as bedforms in outcrops, presumably due to their large size
that commonly exceeds the dimensions of commonly available outcrops.

1.   Introduction

Many studies have indicated that turbidity currents
are prone to supercritical flow conditions in the
proximal part of submarine systems (Komar, 1971;
Hand, 1974; Mulder et al., 1997; Mastbergen et
al., 2003; Pirmez & Imran, 2003). Nevertheless
bedforms and associated internal structures and
facies successions in turbidite deposits have only
rarely been attributed to supercritical flow (e.g.
Mutti, 1992; Russell & Arnott, 2003; Postma
et al. 2009). In contrast, large sand and gravel
This chapter has been submitted to Journal of Sedimentary
Research

waves in modern canyons and fan aprons (Piper
et al., 1985; Prior & Bornhold, 1988; Wynn et
al., 2002a; Smith et al., 2005) were interpreted
as supercritical-flow bedforms (Normark et al.,
1980; Flood, 1988; Fildani et al., 2006; Spinewine
et al., 2010; Cartigny et al., 2011). In the latter
and other studies (Hand, 1974; Winterwerp et
al., 1992; Kostic & Parker, 2006) numerical and
analytical analyses show that the dimensions of
supercritical-flow bedforms, which can range from
several metres to kilometres in length, is a function
of grain size, sediment concentration and flow
thickness. In our opinion it is the strongly varying
size of supercritical bedforms, such as antidunes
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(Hand, 1974), chutes-and-pools and cyclic steps
(Cartigny et al., 2011, Chap. 5) that have hindered
recognition in outcrop and cores so far.
If turbidity currents are indeed likely to be
supercritical in proximal settings, then this should
be reflected in the basal units of existing field models. In Fig. 1 an overview of sedimentological models of proximal turbidity current deposits models is
presented. Two facies types are striking in the idealised sequences of Lowe (1982), Massari (1984)
and Mutti (1992; Fig. 1) and make up great part
of the facies sequence typically preceding the deposition of the final Bouma units: 1) crudely stratified deposits (S2, F4, F7, R3a, R3b; Fig. 1) and 2)
structureless deposits (S3, R2, R3, F8, F5, R; Fig.
1). The absence of turbulent tractional structures
in these deposits has led to link these deposits to
high-density turbidity currents (Postma et al. 1988,
Baas et al. 2004; Vrolijk & Southard, 1997; This
thesis, Chap. 3). High-density turbidity currents
consist of more than one layer, each with its own
characteristic sediment concentration and rheolo-
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gy (see Postma et al., 1988; Sohn, 1997; Postma et
al. 2009; This thesis, Chap. 3). The crudely stratified facies types may occur as backset bedding on
a large scale (e.g. Postma et al., 1983; Russell &
Arnott, 2004; Postma & Roep, 1985; others), that
may remain undetected in small outcrops and certainly in cores. Hence, the stratifications may be
the ‘lamina’ of much larger bedforms formed by
density stratified turbidity currents. The structureless deposits have been associated with tractionless
deposition at a locality of hydraulic jump (Postma
et al., 2009, Chap. 4).
This paper discusses the impact of flow
stratification and supercriticality within high-density turbidity currents on depositional architecture
and facies associations (vertical succession). To this
purpose a bedform stability diagram is established
that illustrates the morphodynamics of the flows
and is based on our recent experimental studies
on supercritical free-surface flows (Chap. 2). From
the morphodynamics, an associated facies diagram
is constructed that is used to interpret the coarseMutti (1992)
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Fig. 1; Overview of sedimentological field models of proximal turbidites (Lowe, 1982; Massari, 1984 & Mutti, 1992).
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Fig. 2; Extended stability diagram for depositional flows based on laboratory studies of unidirectional supercritical flows of
0.06-0.1 m flow depth (modified from Chap. 2). Fr is the Froude number and Ve is the Vedernikov number.

grained turbidites of the Tabernas Basin. Finally,
an idealised vertical succession, deduced from the
model, is compared to classical proximal turbidite
models.
2.   Bedforms associated with supercritical
flows

Recent flume experiments have led to an extension
of the Van den Berg and Van Gelder (1998) stability
diagram to include supercritical-flow bedforms
(antidunes, chutes-and-pools and cyclic steps, see
also Fig. 2 and this thesis, Chap. 2). The diagram
deviates from most bedform stability diagrams
by the usage of dimensionless parameters, i.e. by
plotting the bedforms against the modified Shield’s
mobility parameter (Van Rijn, 1984; Van den
Berg & Van Gelder, 1993) and the dimensionless
grain size (Bonnefille, 1963; Van den Berg & Van
Gelder, 1993). The modified mobility parameter
is a non-dimensional version of the shear stress
induced by the grain roughness, and has proven to

be a good indicator for subcritical-flow bedform
types (i.e. ripples, dunes) over a large range of flow
sizes, in contrast to other diagrams, which use a
dimensional parameter (i.e. flow velocity) and
are only valid for a narrow range of flow depths
and water temperature. Here, a size-independent
diagram (Van den Berg & Van Gelder, 1993; 1998)
is preferred as it allows scaling from laboratory scales
to natural flows. The disadvantage of using a sizeindependent stability diagram is that the transition
between subcritical and supercritical flow (Fr=1)
shifts through the diagram depending on the scale
of the flow. Figure 2 shows the resulting diagram
corresponding to the scale of the experimental
flow conditions (flow depths of 0.06-0.1 m). After
describing the experimental observations, the lines
of constant Froude number within the diagram
will be redrawn below for scales typical of natural
turbidity currents (section 3; Fig. 8).
Experiments and theoretical analyses have
shown that ripples and dunes transform to upper
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plane bed at subcritical Froude numbers between
0.84-1 (Kennedy, 1963). The onset of the formation of antidunes commences as Froude numbers
exceed unity, followed by an unstable transition
zone (i.e. breaking antidunes, chutes-and-pools)
starting at Froude numbers around 1.7, before
reaching a new stable bed state called cyclic steps
(Fig. 2). The latter boundary is coincides with a
Vedernikov number of unity, signalling the onset
of unstable flow (see Chap. 2).
2.1.  Bedform architecture

The sedimentary architecture of bedforms results
from differential aggradation and erosion of the
bed interface. The architecture of the supercritical
bedforms described below is based on runs that
were carried out under equilibrium conditions, thus
with zero net aggradation. The morphodynamics
of the bed were studied through the glass wall of
the tank (This thesis, Chap. 2). The evolution of
sedimentary structures was studied by capturing
the geometry of bed interfaces over the entire
image width through time; successive geometries
are projected on top of each other to trace the
internal structure of the evolving bedform.
Where a new bed interface cuts into a previous
one due to local erosion, the eroded portion is
removed and replaced by the outline of the new
bed interface. Time series of bed interfaces were
similarly used to construct sedimentary sequences
by the application of a synthetic aggradation
technique (Corea, 1978; Southard et al., 1990;
Dumas et al., 2005). This technique plots the bed
interfaces in a similar way to that described above,
but it performs synthetic aggradation by shifting
the bed interface upward before analyzing each
successive image frame. Although the technique
neglects changes in the morphodynamic processes
caused by the additional sediment concentration
needed to achieve such aggradation rates, it does
provide generic qualitative insights on vertical
sequences of sedimentary structures as a function
of the aggradation rate and bedform type. Hence,
below we describe first the morphodynamics of
the bedforms, and from the morphodynamics we
arrive at the sedimentary architecture based on the
synthetic analysis described above.
2.1.1.  Cyclic steps
Morphodynamics. Cyclic steps are upstream
migrating bedforms that consist of successions
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of gently dipping stoss sides followed by steep
downstream dipping lee sides (Winterwerp et
al., 1992; Parker, 1996; Fig. 3B). Downstream
of a hydraulic jump (Fig. 3; locality is encircled
‘1’), flows are depositional and accelerate from
subcritical conditions at the stoss side to reach
supercritical erosive conditions on the lee side
(Fig. 3, locality 2). The scale of these bedforms
is largely determined by the specific discharge of
the flow (Cartigny et al., 2011), and ranges from
cm-scale in millimetre thick flows to kilometres
for large low-density turbidity currents spilling
over the levees of submarine canyons or channels
(Fildani et al., 2006; Lamb et al., 2008; Cartigny
et al., 2011). The shape of cyclic steps depends
on grain size (This thesis, Chap. 2) and slope
(Cartigny et al., 2011). Fine grains take more
time to settle downstream of the hydraulic jump
and thereby form gentle smooth stoss sides, while
coarse grains settle faster and form steeper stoss
side that grade downstream into more horizontal and less depositional stoss sides. In contrast,
lee sides of fine-grained cyclic steps are generally
steeper (possibly exceeding the angle of repose)
than those formed in coarse grains due to negative pore pressure gradients caused by dilation of
the grain fabric in the finer grained layers that are
being eroded (Meyer & Van Os, 1976; Winterwerp et al., 1992; Mastbergen et al., 2003). At
such steep lee sides formed under strong shear
stresses grain-to-grain erosion is replaced by small
progressive slide failures (Van Rhee & Bezuijen,
1998).
Sedimentary structures. Internally, cyclic step beds
consist of of upstream dipping sets (backsets; 3; as
above numbers between brackets refer to localities
in Fig. 3), which are gently dipping and straight for
finer sand in comparison to more sigmoidal shapes
for the coarser sediment. Along the flow direction
the sets grade from structureless deposits (4)
formed beneath tractionless deposition below the
hydraulic jump into crudely banded and ending
up into stratified deposits (5) as grain traction on
the bed is gradually restored. The supercritical flow
that shoots into the hydraulic jump detaches from
the bed triggering fluid vortices above and below
(1). This strongly reduces the bed shear stress and
clouds of sediment settle down here form massive
structureless deposits (6, cf. Postma et al., 2009).
Cohesive lumps of the previous deposits (7) may
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detach below the hydraulic jump and become
incorporated in the deposit as rip-up clasts.
Downstream of the hydraulic jump, traction
on the bed is gradually restored (9). For finer
sediments traction is restored while a near-bed
sediment interface produced by hindered settling
is still present, and short-living traction carpets
(11) are formed and maintained over the full
length of the stoss side. Coarser sediment settles
faster and traction carpets form only over short
distances behind the jump or not at all. After the
coarse sediment has settled and traction is restored,
parallel stratifications (10) form under continuous
bedload conditions. Pulses of sediment clouds are
continuously released from the hydraulic jump
introducing new traction carpets that collapse on
the stoss side (This thesis Chap. 2). Progressive
failures on steep lee sides may form banana-shaped,

109

internally deformed and structureless beds that
might interstratify with the cyclic step backsets
(This thesis, Chap. 2).
Aggradation rates. At low aggradation rates or at
by-passing conditions, the most basal part of the
cyclic bed is preserved in the rock record due to its
larger amplitude in comparison to other bedforms.
These basal parts consist of spoon-shaped scours
(steeper upstream sides followed by more gradual
downstream sides) filled with structureless,
normally graded deposits and, commonly, with ripup clasts. At higher aggradation rates the preserved
scours become longer and their fill may show
vertical facies transitions from basal structureless
layers into crudely banded or stratified backsets.
At even higher aggradation rates several cyclic step
beds may be stacked to form facies assemblages
of interstratified, spoon-shaped scours with their
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Fig. 3; A) Series of images showing cross-sections of cyclic steps in coarse sand (D50 =350 μm) seen through the glass wall of
the flume (see Chapter 2 for explanation). Vertical white arrows point to the location of the process with respect to the total
cyclic step morphology. B) Schematic vertically exaggerated (5 times) drawing of a series of cyclic steps. Dark bottom layer
indicates previous deposits. Light gray layer represents the deposits formed by the upstream migrating cyclic steps, consisting
of backsets. The continuity of the lines is associated to the amount of traction and thereby stratification of the laminae. Darker
grey area, on top of the deposits, shows the internal flow structure of the turbidity current. C) Column on the right shows the
sedimentary structures and depositional features typical of cyclic steps without vertical exaggeration; starting from structureless
deposits grading vertically into more crudely banded deposits as a result of progressive increase of sedimentation from traction
carpets ending up in stratified deposits formed during traction of single grains. D) Series of images showing cross-sections of
cyclic steps in fine sand (D50=160 μm) seen through the glass wall of the flume (see Chapter 2 for explanation). Vertical white
arrows point to the location of the process with respect to the total cyclic step morphology. Encircled numbers are referred to
in the text.
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associated fills.

6

stoss sides in between successive hydraulic jumps.
The convex top, formed immediately downstream
of the hydraulic jump is reworked to foresets (5)
as the hydraulic jumps moves upstream, before
the remaining bumpy topography is draped in a
swaley manner (6). At the tail of the chute-andpool, a subsequent chute (7) forms leading to the
next hydraulic jump.
Sedimentary structures. The assemblage of
sedimentary structures produced by the upstream
migration of chute-and-pool bedforms is
characterised by interstratified elongated lenticular
beds overlain by swaley-like drapes and regular
backset beds of antidunes. The lenticular beds
grade vertically from elongated lenses without or
with little internal structure (8) to more stratified
deposits (9), reflecting the diminishing strength
of the hydraulic jump as the bed builds up. These
top sets are generally characterised by sigmoidal
foresets, as lenticular beds become progressively
reworked (5), and the lows in between lenticular

2.1.2.  Chutes-and-pools
Morphodynamics. As indicated by the stability
diagram in Fig. 2 cyclic steps transform into
chute-and-pools with decreasing Froude numbers.
Chute-and-pools resemble cyclic steps due to
their gradual morphodynamic transition. A
distinction can, however, be made on the basis
of the behaviour of associated hydraulic jumps;
on chute-and-pool bedforms hydraulic jumps
no longer migrate upstream in a steady pace as is
typical for cyclic steps. Instead the hydraulic jump
migrates upstream in a step-wise manner (Fig. 4;
1-3). The hydraulic jump remains stationary until
deposits formed downstream (3) of the hydraulic
jump force the jump to migrate upstream as a
surge (1) until a new stable position is reached (2)
and the process starts again. Chute-and-pools also
differ from cyclic steps by the presence of antidunes
(4) superimposed on the more gentle areas of the
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Fig. 4; A) Series of images above and below the drawing show cross-sections of chutes-and-pools in coarse sand (D50 =350
μm) seen through the glass wall of the flume (see Chapter 2 for explanation). Vertical white arrows point to the location of
the process with respect to the total chutes-and-pools morphology. B) Vertically exaggerated schematic drawing of chutes-andpools and their associated deposits overlying the cyclic step bed. C) Column on the right shows the sedimentary structures
and depositional features typical of chute-and-pools without vertical exaggeration; 1) starting from elongated lenticular beds
bounded by erosional surfaces that internally grade from structureless basal deposits into more stratified deposits with boundary-conform stratifications overlain by a 2) swaley drape and finally 3) nearly horizontal, parallel backset-stratification.
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beds are draped. Chute-and-pool bedforms are
transitional upwards into superimposed antidunes,
which form subhorizontal thin beds with very low
angle backsets in them (10).
Aggradation rate. At low aggradation rates chuteand-pools leave behind a bed of elongated lensoid
interstratified sets consisting of structureless to
crudely banded laminae. At higher aggradation
rates the convex-up tops of the chutes-and-pools
lenticular sets are preserved, with swaley drapes
in between. Only at very high aggradation rates
the subhorizontal thin beds of the superimposed
antidunes are preserved.
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are flushed downstream again (3). These breaking
antidune trains are associated with alternation of
erosional stretches followed by longer periods of
bed aggradation during which antidune deposits
become less pronounced, until the next series of
breaking antidunes commences.
Sedimentary structures. As a surge migrates
upstream sediment settles behind it filling the
troughs in between the antidunes. The geometry
of these fills depends on the extent of upstream
migration of the surge. Strong surges migrate far
upstream (6)causing the majority of the sediment
to deposite on the downstream dipping lee side
of the upstream antidune, thereby forming basal
foresets (7) that grade vertically into more troughconform laminae as the surge loses strength and
flushes downstream. Subsequent less strong surges
(8) are not capable of migrating far upstream and
the majority of the sediment settles on the stoss side
of the antidune on which the surface wave broke.
This leads to the formation of a series of backsets

2.1.3.  Breaking antidunes
Morphodynamics. At lower Froude numbers
trains of upstream migrating breaking antidunes
develop (Fig. 5). Instead of hydraulic jumps,
surges (migrating hydraulic jumps) form out of
breaking surface waves (5) and migrate upstream
(1), before losing their energy (2) after which they

A. Breaking antidunes
4

5

2

3

8

1

Positive surge
after wave breaking

6

9

B.

7
Less strong surge
backsets

New surge
forming

Negative surged
flushed downstream

C. Depositional features

Strong surge
boundary conform sets

5
2
10
11

Discharge fluctuations due
to surges upstream trigger
smaller surges downstream

Antidune
backsets
1

Near horizontal
parallel stratified
backsets from
non-breaking
antidunes
Near horizontal
fainty stratified to
parallel stratified
boundary confrom
breaking antidunes
sets
Scoured base

0.38[m]

10
11

Fig. 5; A) Series of images above and below the drawing show cross-sections of breaking antidunes in fine sand (D50 =160
μm) seen through the glass wall of the flume (see Chapter 2 for explanation). Vertical white arrows point to the location of
the process with respect to the total breaking antidune morphology. B) Vertically exaggerated schematic drawing of breaking
antidunes and their associated deposits. C) Column on the right shows sedimentary structures and depositional features typical
of breaking antidunes without vertical exaggeration; breaking antidunes sets that internally grade from basal faintly stratified
surge deposits to more pronounced stratified boundary-conform or backset laminae. These breaking anitdune deposits are
overlain by nearly-horizontal, regular antidune sets.
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(9). The more regular, non-breaking antidunes
further downstream (10) are again non-aggrading
and associated with very thin, sub-horizontal beds
consisting of low-angle backsets (11).
Aggradation rate. Over trains of breaking antidunes,
bedform amplitudes decrease. This leads to an
upward reduction in set thicknesses. Antidunes
with the highest amplitude are associated with the
strongest surges, thereby making crudely banded
foresets and structureless fills most likely in the
basal sets. Upwards in a breaking antidune bed,
sets are more stratified and dominantly filled with
backset laminae, which have a lower angle than the
basal bedform foresets. Such low-angle backsets are
likely to be preserved only under high aggradation
rates.

6

breaking surface waves, their amplitude does still
vary over long trains, with the highest amplitude
antidunes (1) to be more likely to be preserved due
to their deeper level of scouring (2).
Sedimentary structure. Antidunes migrate upstream
in steady pace leaving behind fairly straight tabular
bounded sets of nearly horizontal and slightly
upstream dipping laminae that resemble the
antidune stoss side geometry. Laminae are more
clearly stratified due to the lack of breaking waves,
surges and hydraulic jumps and their resulting
tracionless structures. The low aspect ratio of the
antidunes is reflected in very low-angle tangential
approaches of the backsets to the set boundaries
(drawings are vertically exaggerated). Since
fluctuations in amplitude are subtle, only the basal
part and thereby the most low angle portion of the
antidune bed is preserved.
Aggradation rate. At low aggradation rates, tabularly
stacked set boundaries of the aggrading antidune
bedforms (see Fig. 6B) appear as extremely lowangle interstratified sets. At higher aggradation

2.1.4.  Antidunes
Morphodynamics. As flow energy decreases further,
antidune amplitudes are reduced and breaking
waves are no longer observed. Thus long trains of
regular non-breaking antidunes develop. Although
amplitudes are no longer high enough to induce
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Fig. 6; A) Series of images above and below the drawing show cross-sections of antidunes in coarse sand (D50 =350 μm) seen
through the glass wall of the flume (see Chapter 2 for explanation). Vertical white arrows point to the location of the process
with respect to the total antidune train morphology. B) Vertically exaggerated schematic drawing of breaking antidunes and
their associated deposits. C) Column on the right shows the associated sedimentary structures with only slight vertical exaggeration for clarity; antidune sets consist internally of thinly bedded, near-horizontal backset laminae, while the top set shows
a complete antidune set characterized by thicker and more pronounced backsets.
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rates these antidune sets become thicker,
thereby allowing more complete preservation
of the upstream dipping laminae, thus making
the backsetting more pronounced. Under low
aggradation rates the low-angle set boundaries can
easily be confused with plane bed lamination.
3.   Extrapolation of experimental results
to bedforms produced by natural turbidity
currents

This section discusses literature-based assumptions
about the supercritical nature of bedforms and
sedimentary structures formed beneath turbidity
currents and attempts to make a comparison
between these natural flows and the free-surface
laboratory experiments. A direct comparison
between laboratory-scale subaerial flows over
sandy beds and large turbidity currents in natural
systems is obstructed by differences in: 1) scale,
2) density between flow and ambient fluid, 3)
grain size, 4) internal flow stratification and 5)
steady laboratory versus unsteady natural flow
conditions. Notwithstanding these drawbacks,
an extrapolation of the knowledge of subaerial
bedforms and processes to density flow conditions
makes sense, if the relevant physical differences are
taken into account.
When comparing supercritical-flow morphodynamics of laboratory and natural systems
Froude number scaling has proven to be valid (Kennedy, 1963; Winterwerp et al., 1992; Alexander
& Fielding, 1997; Taki & Parker, 2005). Effects
of reduced density differences between subaerial
flows and subaqueous gravity flows can be scaled
by incorporating the density effect into the Froude
number in the so-called densimetric Froude number (Yih & Guda, 1955; Komar; 1971). Several
numerical and experimental studies have shown
the applicability of densimetric Froude numbers to
the formation of supercritical bedforms in turbidity currents (Hand, 1974; Spinewine et al., 2010;
Cartigny et al., 2011; Kostic, 2011). However,
grain size effects are not included in the Froude
number, yet they do influence the morphodynamics of the flow by their induced differences in settling velocities. This controls, in conjunction with
flow concentration, the length and geometry of
the bedforms involving hydraulic jumps like cyclic
steps, which will be discussed below (Cartigy et al.,
Chap 2).
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3.1.   Antidunes

The transition from flat bed to antidunes has been
associated with Froude numbers around unity over
a range of scales; from laboratory scale (Kennedy,
1963) up to tens of metres long antidunes in
natural settings (Alexander & Fielding, 1997).
Thus antidunes seem to form at a constant Froude
number threshold over a wide range of grain
sizes from fine sand (This thesis, Chap. 2) up to
gravel (Alexander & Fielding, 1997; Carling,
1999). Hand (1974) has shown that the length of
antidunes formed below subaqueous flows is only
related to the submerged density and flow velocity,
implying that antidunes formed below low-density
turbidity currents are likely to be longer than those
formed under high-density turbidity currents.
3.2.  Cyclic steps

The formation of cyclic steps with wave lengths
from 0.5-8 m is well described by the associated
Froude numbers (Winterwerp et al., 1992; Taki
& Parker, 2005; Cartigny et al., Chap. 2). In
contrast to the formation of antidunes, cyclic
steps geometries depend on settling velocities in
relation to flow velocities (Kostic, 2011), since the
geometry of the stoss side is shaped by the fall-out
rate of sediment downstream of the hydraulic jump
(Cartigy et al., Chap 2). Although no experimental
or numerical work has been done on the formation
of cyclic steps in gravel beds, a comparison of
natural coarse-grained sediment waves and cyclic
steps strongly indicated that cyclic steps are likely
to be the mechanism behind coarse-grained
sediment waves (Cartigny et al., 2011). Given the
high settling velocities of gravel it seems likely that
formation of cyclic steps in gravel transporting
flows require reduced settling rates, which can
be achieved by high sediment concentrations in
for instance basal traction carpets in a turbidity
current. In general, fine-grained sediment waves
on the scale of kilometres, have been interpreted
as cyclic steps formed under low-density turbidity
currents and coarse-grained sediment waves (10200 m) as cyclic steps formed under high-density
turbidity currents (Cartigny et al., 2011).
3.3.  Stratification types

Proximal turbidity current deposits are often
characterised by a lack of tractional structures,
which has been interpreted to be a consequence
of a high fall-out rate and resulting high basal
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sediment concentrations (Kuenen & Migliorini,
1950; Lowe, 1982; Kneller & Branney, 1995;
Sohn, 1997). Sediment concentrations above 9%
can no longer be supported by fluid turbulence
alone, and additional support mechanisms like
dispersive pressure (Bagnold, 1954) have to be
invoked. The superposition of different support
mechanism leads to density-stratified flows or
high-density turbidity currents as is clearly shown
by experimental and theoretical studies (Kuenen
and Migliorini, 1950; Middleton, 1967; Postma et
al., 1988; Sohn, 1997; LeClair & Arnott, 2005).
Since high-density turbidity currents develop internal density interfaces, even if quasi-steady
(Cartigny et al., Chap. 3), the basal density layer
can be expected to control the morphodynamics
of the underlying bed, as suggested by Postma et
al. (2009). Hence, facies associations produced
by low-density turbidity currents must differ from
those formed by high-concentrated basal layers of
high-density turbidity currents. While low-density
turbidity currents will deposit Bouma units (Tbe), high-density flows will form crudely stratified
deposits typical for high basal sediment concentrations that lack turbulent traction (Lowe, 1982;
Massari, 1984; Mutti, 1992).
Experiments have shown that high-density
layers can form under quasi-steady conditions under both aggrading and non-aggrading conditions
for sandy turbidity currents (Cartigny et al., Chap.
3). The thickness and concentration of a basal highdensity layer is a function of the fall-out and bed
aggradation rate if steady and uniform conditions
are assumed. The concentration in the basal layer
shall never be less than 9 vol%, which indicates
the critical boundary where all grains (apart from
those rolling and saltating in a thin bed load layer)
are suspended by the turbulence of the fluid. To
distinguish between deposits formed under highdensity and low-density turbidity currents, an additional axis showing the average sediment concentration in the basal traction carpet is added to the
stability diagram. This axis is similar to the fall-out
rate axis proposed by Lowe (1988) and Postma et
al. (2009), but here basal sediment concentration
is preferred since this parameters is more directly
related to the type of basal layer (This thesis, Chap.
3). The basal sediment concentration determines
the extent of damping of flow pulsations generated
at the density interface between the high-density
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and low-density layers and thereby also determines
the depositional mechanism and the character of
the produced ‘laminae’ (Cartigny et al., Chap. 3).
Basal sediment concentrations between 9
and 15 % allow auto-generated velocity pulsations
to reach the bed, thereby triggering alternations of
erosion and deposition similar to those described
in Hiscott’s (1994) sweep-fallout model. Sweeps
are high-velocity pulses associated with erosion followed by gradual decreasing velocities and increasing aggradation rates. At low aggradation rates kinematic sorting produces an inversely graded basal
deposit, which is subsequently overlain by ungraded deposits characteristic for higher aggradation
rates (Cartigny et al., Chap. 3; Type IIa). Together
such repetitive sequences of erosion, inversely
graded and ungraded deposits form spaced stratifications (Fig. 7A) as defined by Hiscott (1994). At
higher basal concentrations (15%<C<45%) velocity pulses are increasingly more dampened due to
high relative viscosities caused by the high basal
sediment concentration. As a consequence, erosional surfaces no longer develop in the resulting
deposits (Cartigny et al., Chap. 3; Type IIb). This
leads to crudely (syn. crudely banded) stratified
deposits (Fig. 7B) as described by e.g. Postma et
al. (1983) and Sohn (1997). Basal concentrations
exceeding 45% are characterised by frictional-type
layers (Postma et al., 1988; Sohn, 1997; Cartigny
et al., Chap. 3; Type III). Since these type III layers
are characterised by a full damping of turbulence
and they lack a clear density interface, their capability to form bedforms is doubtful and the stability diagram is therefore cut off at basal sediment
concentrations of 35%.
The densimetric Froude number of the basal
layer determines the type of bedform that is produced, while the type of basal layer determines
the type of stratification reflected in the internal
structure (laminea) of the bedform. Hence cyclic
steps, chutes-and-pools and antidunes formed by
high-concentration flows produce ‘laminae’ that
consist of one of the stratification types described
above (Fig. 7). We note here that these stratification types have also been described in the idealised
sequences of Lowe (1982), Massari (1984) and
Mutti (1992). Vertical alternations in massive and
crudely stratified bedding as described by these
authors are similar to the vertical sequence that is
produced by aggrading cyclic steps (Fig. 3B).

Supercritical bedform model applied to coarse-grained turbidite deposits of the Tabernas Basin

115

A. Spaced stratification B. Crudely Stratified deposits

Fig. 7; A) Spaced stratification as described by Hiscott (1994). B) Crudely stratified deposits as described by Postma et al.
(1983) and Sohn (1997).

3.4.   Facies and bedform stability diagrams

To analyse the effect of varying layer thicknesses and
sediment concentrations, a 10 m thick turbidity
current is considered with varying basal sediment
concentrations and high-density layers (Fig. 8A).
The concentration profile of Sohn (1997) is used
to estimate the basal sediment concentrations.
Subsequently basal sediment concentrations are
assumed to increase with the thickness of the
high-density layer, since thicker layers have to
carry progressively more grain weight through
grain contacts which can only be achieved by
more frequent grain-to-grain contacts and higher
concentrations. Although such assumption may
not be valid under strongly varying dynamic
conditions, here it is considered to be valid on a
bedform scale.
For five different situations, defined in Fig.
8A, the stability diagram has been modified using densimetric Froude scaling (Fig. 8B). Ripple
and dune regions have been removed from the
high-density stability diagrams, because they are
unlikely to form at high sediment concentrations.
They are replaced by plane bed since no bedform
is known to form under high-density subcritical
flows. As high-density basal layers become thinner and lower concentrated, Froude numbers
rise and increasingly larger portions of the stability diagram become supercritical. When the basal
sediment concentration falls below 9%, the highdensity layer disappears, and the morphodynamics become controlled by the much thicker lowdensity layer. This leads to an abrupt increase in
the bedform scales from metre scale to hundreds
of metre scale. Rough estimates of typical length
scales for antidunes (following Hand, 1974) and
cyclic steps (following Cartigny et al., 2011) are
indicated in the figure.

In Fig. 8C the sedimentary structures characteristic for the different types of bedform and
basal sediment concentrations are indicated. Sedimentary structures are here described by three parameters: 1) the geometry of the set boundary, 2)
the geometry of individual laminae and 3) the type
of lamina stratification. Based on the experimental observations of the different bedforms (section
2.1) set boundaries are divided into horizontal
(B1), near-horizontal (B2) and low-angle wavy
(B3). Four different laminae geometries are distinguished: horizontal (L1), high-angle foresets (L2),
low-angle foresets (L3) and backsets (L4). Based
on the nature of the laminae several types can be
distinguished and linked to different basal layers
with each their own depositional characteristics.
Four types of laminae are distinguished (This thesis, Chap. 3 & 4): 1) thin parallel stratifications
and high-angle foresets as found beneath turbulent
(D1) layers, 2) spaced stratifications (D2) characteristic for type IIa basal layers, 3) crude stratifications (D3) typical for type IIb basal layer and 4)
structureless deposits (D4) formed below during
tractionless fall-out below a hydraulic jump.
4.   Field observations in the Tabernas Basin, SE
Spain

Three discrete turbidite fan systems volumetrically
account for the majority of the basin fill of the
Tabernas Basin (Kleverlaan, 1989a). These fans
were fed through a few north-south oriented
submarine canyon systems coming down
from the Sierra de los Filabres (Cronin, 1995;
Kleverlaan, 1989a; Rogerson et al. 2006). One
of these canyons, named El Buho is well exposed
in its proximal region, where it truncates the
narrow early Tortonian shelf with coastal and fan
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deltaic deposits and the metamorphic basement
(Kleverlaan, 1989b). Some relevant outcrops in the
Buho Canyon (Fig. 9) show a downward transition
into turbidite lobes. This connected canyon-lobe
system has been studied for supercritical bedforms
produced by high-density turbidity currents.

are lens-shaped and show features of various cross
bedding (Fig. 10). Primary structures in the finegrained beds are often obliterated by abundant
burrowing. The top of the conglomerate is sharp
and wavy and characterised by outsized clasts (up
to boulder size).

4.1.   Description of the various outcrops

4.1.2.  Donkey
Similar features as described from the first Hump in
the Buho Canyon are well exposed in the Rambla del
Buho (Donkey outcrop). Several stepped features
show the deepest part of the scour upstream and
beds pinch out rapidly over several tens of metres
in downstream direction (Fig. 11A). Where the
scours curve sharply up to form their upstream end,
the fill is always “chaotic” occasionally with vertical
clast alignments. Just a few metres downstream
of such locality the clast fabric changes showing
alignments (backsets) and pervasive imbrications
(Fig. 11B-C). The backsets in the gravel beds are
straight and steep in the lower part of the bed,
grading into a structureless base. Rarely, backsets
occur steeper than the static friction angle, and are
sigmoidal in the upper part of the bed. The top of
the strongly lens-shaped gravel beds of the Donkey
are sharp and wavy, and show truncation of the
backsets. Clusters of outsized clasts drape the wavy
surface that is covered by thin, bioturbated sand
and mud layers. A difference with the first Hump
beds is the multiphase infill of the gravel lenses,
with clear variations in bulk grain size (Fig. 12B).

The outcrop localities are shown in Fig. 9 and the
descriptions that follow are dealt with in a down
slope direction. There are two canyon-lobe systems.
The western system is a mixed mud-sand system
fed through the Buho Canyon and is dealt with
here, the other large canyon system more to the
east feeds a sand-rich system (Kleverlaan, 1989b).
From the most northern and proximal part of the
Buho Canyon we describe the 1st Hump, which
locality is just beyond the confinement of the
canyon incision in the basement and is supposed
to have the steepest depositional slope. The 2nd
and 3rd Humps are less gravelly, but have similar,
large scale architecture. The Donkey, Cuevas and
Ventisca localities are located progressively more
basinwards.
4.1.1.  Buho first Hump
Stacks of ill-sorted cobbly to bouldery beds
interbedded with sand and mudstone are well
exposed in the First Hump (Fig. 10). The N-S
oriented outcrop is more or less parallel to the
flow direction. Individual beds are up to 3 m thick
and several tens of metres long. The basis of the
beds rests in asymmetric scours which are deepest
upstream while the downstream terminations of the
beds show pervasive, steeply dipping imbrications
and backset bedding (up canyon dipping crossstratification, Fig. 10). The fabric in the scour is
in many places chaotic and occasionally shows
vertical clast alignments. The backset bedding has
steep angular contacts with the underlying bed
and locally shows sigmoidal, downslope bending
at the top. The gravel beds are frequently found
to have shallow, wave-like scours on a metre scale
at their base. Metre-scale intercalated sandy beds

4.1.3.  Cuevas
Further down the slope, in the Cuevas outcrop,
the facies becomes sandier, concurring with its
more distal setting in the canyon-lobe transition
zone. Figure 12 shows sections oblique to the
overall flow direction. The sandy beds up to
a few dm thick, and several tens of metres long
are flat, lens-shaped and form units that truncate
each other under very low angles (Fig. 12C). The
thicker beds cover asymmetrical scours, which are
filled with pebbly sandstones (Fig. 12D). Flame
structures are present at the base of scours, while

Fig. 8; A) Five 10 m thick turbidity currents with different concentration profiles (Sohn, 1997) and resulting high-density
layers. B) Bedform stability diagrams associated with the five flows of A. Transitions between subcritical and supercritical flows
are Froude-scaled based on the basal layer thickness. Bedform lengths follow equation 5 in Hand (1974) for antidunes and the
numerical modeling of Cartigny et al. ( 2011) for cyclic steps. C) Sedimentary structures typical for the different types of bedform and basal layers. Sedimentary structures are described by the set boundary geometry, laminae geometry and depositional
mechanism operating in the basal layer.
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Quaternary: continental gravels and
sand

N

Miocene (Messinian) and Pliocene:
shallow marine conglomerates

Sierra Los Filabres
Buho canyon
1st ,2nd,3rdHump

Miocene (Tortonian-Messinian):
deep marine sandstones and marl
N-340

Donkey

Cuevas
Mixed sand/mud
turbidite system

Tabernas

Ventiscca

Triassic basement: mainly phyllites
and marbles
Paleozoic to Permo-Trias basement:
black schists, gneisses and quartzites

Spain
Sierra Alhamilla

Study area

5 km

Fig. 9; – Geological setting of the Tabernas submarine fan

primary structures in the truncated beds below
the scours are obliterated (Fig. 12E). Backsets
and similar lens-shaped bodies as described for 1st
Hump (although here finer grained) are present at
the top of the outcrop (Fig. 12B, bed is indicated
by the white arrows).
4.1.4.  Ventisca
Sheet-like turbidites with abundant Bouma
Tb-e facies and very little substrate erosion follow
up on the shallow, gravel filled scours like those
of Cuevas. They show at various localities below
Bouma Tb bedform structures with backset and
trough draping laminae. The structures are regularly spaced as is the case for the bed on Fig. 13A.
4.2.   Interpretations

Outside the context of supercritical bedforms
and hydraulic jumps, the conglomeratic beds
displaying chaotic clast fabrics and well defined
lower and upper boundaries described from the
first Hump and the Donkey outcrops could be

interpreted as debrites or slumps. However, various
sedimentary features oppose such interpretation.
The backset structure at the downstream side of
the scour is characterised by well imbricated clasts,
which do not match an interpretation in terms of
debris flow or slump deposits. Furthermore, the
chaotic upstream portion of the deposits shows
vertical clast fabrics (see Fig. 11) and primary
structures below the scour are often obliterated by
liquefaction. Liquefaction is also apparent from
the presence of flame and load structures and by
the abundant intra-clasts. These features are not
characteristic for debris flow or slump deposits, but
they are for beds formed at the locality of turbidity
currents passing through a hydraulic jump.
The downstream portion of the chaotic
gravel beds is increasingly better organised, in
well-defined backsets. The backsets are clear due
to the finer grains along the ‘laminae’. Imbricated
clasts dip slightly steeper than the upslope dipping cross stratifications indicating tractive sedi-

Fig. 10 - Stacks of asymmetric scours filled with chaotic to vertically oriented pebble fabrics in massive conglomerate facies in
the deep parts and backset bedding in the downslope shallow part of the scour (paleo-flow is from left to right). The asymmetrical scours are interpreted as cyclic steps.
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ment transport. Both the lower angular contact of
the stratification and their upslope grading into
massive conglomerates (hydraulic jump) is striking. The progressive upslope directed infill of the
scours in the Donkey indicates upslope migration

A

6

of the entire structure.
The processes deduced from these conglomerate beds of Donkey and first Hump are similar
to the processes that were observed during the cyclic step experiments (Fig. 3). The hydraulic jump

Donkey Outcrop
main paleoflow
direction
B
~ 10 [m]

B

C

C

III

II

I

Fig. 11 - Donkey outcrop – A) Amalgamated spoon-shaped scours filled with massive to cross stratified gravel ( back sets).
Paleoflow is from right to the left and obliquely into the outcrop. B) Detail of A showing large trough-shaped sets of gravelly
back sets with well defined wavy erosive surface at the top of the bed; C) Detail of the scour fill with structureless base (I)
vertically grading into backset on the downstream side of the scour (II) and more chaotic deposits on the upstream side of the
scour (III). See text for full description.

Supercritical bedform model applied to coarse-grained turbidite deposits of the Tabernas Basin
was located close to the leeside of the scour. The
stoss side of the gravelly cyclic steps is very steep
directly downstream of the hydraulic jump, and
becomes gentler further downstream. Also the
spoon-shaped geometry of the basis of cyclic steps
beds (Cartigny et al., Chap. 2) resembles the geometry of the erosional bases of the deposits seen
in the Donkey and first Hump outcrop.
In the Cuevas outcrop, isolated scours filled
by structureless and coarse-tail graded sands with a
minor amount of floating pebbles, associated with
liquefaction of underlying beds point again to deposition related to hydraulic jumps (Fig. 12E). In
the sandy beds, backset bedding is not obvious,
and structureless sands are increasingly more horizontally stratified in downstream direction. These
sand layers contain clusters of outsized and imbricated clasts, which point to bypass of a low-density
turbidity current (inset Fig. 12F).
The regular scour and lamina sets in the
sandy Ventisca turbidite lobe are a frequently observed feature and point to antidunes or breaking
antidunes. More pronounced stratification dipping
upstream, lacking outsize clasts pointed to lower
flow velocities, while supercritical conditions were
maintained due to lower sediment concentrations.
In the Tabernas Basin we have found several such
features in the sandy sheet turbidites of the same
lobe. Close inspection of many of the sandy turbidites in the Tabernas Basin reveal antidune-like
cross stratifications below Bouma Tb (plane bed)
and Tc.
4.3.  Linking outcrop observations to the stability
diagram

The strong variations in the upstream boundary
conditions of natural turbidity currents, such as
variations in: in grain size and discharge (size of
the event), prevent a straightforward comparison
between the outcrop and experimental data.
However, using the general facies characteristics,
a reconstruction of the large scale trends in flow
behaviour over the Tabernas canyon-fan system
can be made. All studied outcrops show a range of
facies indicative of different flow characteristics. To
take the different sizes of the events into account,
here a distinction is made between low and high
discharge event. The two main facies from each
outcrop are extracted and then assigned to either a
low discharge event or high discharge event, before
they are linked to the facies diagram (Fig. 8C) and
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used for a flow reconstruction (Fig. 14).
4.3.1.  Buho 1st Hump and Donkey Outcrop
The first Hump of the Buho outcrop is characterised
by: 1) asymmetric scours filled with ill-sorted
cobbly to bouldery beds that show steeply dipping
imbrications and backset bedding several tens of
metres long, 2) shallow wave-like scours filled
with gravel beds on a metre scale 3) lens-shaped
intercalated sandy beds showing various types of
cross bedding on a dm to m scale. The asymmetric
scours combined with the massive to stratified
(backset) fill are interpreted as cyclic step deposits,
and the coarseness of the sediment point to larger
(high-discharge) events (Fig. 14.A1). Since these
beds are isolated it seems likely that only the basal
part of the cyclic steps has been preserved and that
the original cyclic steps exceeded the length of the
preserved beds (tens of metres). This compares well
to cyclic steps in the Var and Monterey canyon and
on the Laurentian Fan, which typically vary from
20-100 m (Piper et al., 1985; Malinverno et al.,
1988; Smith et al., 2005). Based on this comparison
estimations of original cyclic step lengths are set to
around 30-80 m. The combination of grain size
and steep imbrication angles make transport under
turbulence of low-density turbidity currents highly
unlikely. Hence, the traction carpets of highdensity turbidity currents are invoked to explain
these 30-80 m large cyclic steps. The bedform size
suggests high-density layer flowing at velocities of
~2 m/s (assuming Fr=2 for cyclic steps) attaining a
thickness of ~1.0 metre (type II; Fig. 8B).
The gravelly grain size of the shallow wavelike scour fills points to lower energies, which could
be interpreted as the waning phases of the event
that emplaced the cobbly beds or as a separate lower discharge event. The wavy nature of the scours
resembles characteristics of breaking antidunes and
chutes-and-pools (Fig. 14.B1). In Figure 14.B1 active chute-and-pools and their deposits are shown
on top of the preserved coarse-grained cyclic step
deposits (Fig. 14.A1) in an idealised sedimentary
succession. However, these lower energy events
may also have been separate events. Assuming that
the metre scale of the deposits represents antidunes
somewhere in the range of 1 to 3 metres, associated flow velocities are estimated for both highdensity and low-density turbidity currents. Lowdensity turbidity currents (concentrations of 5%)
producing antidunes on these scales are associated

122

Chapter

6

A
Cuevas Outcrop

C

2 {m}

D

F

B

C

D

E

Supercritical bedform model applied to coarse-grained turbidite deposits of the Tabernas Basin

123

Fig. 12 – Cuevas outcrop. Main paleoflow is obliquely to the right away from observer. Pictures A and B form a panorama of
the outcrop showing the flat, lens-shaped sandy to pebbly sandy beds, which are up to several dm thick, and tens of metres
long. The lens-shaped units truncate each other under very low angles (shown in more detail in C – the arrows point to large
truncation surfaces). The thicker beds cover asymmetrical scours (D) with pebbly sandstones showing flamed and loaded base
into structureless fine to medium sands (E); F) inset of A showing some of the boulder sized clasts within and on top of thin
continues sandstone beds.

with velocities of 0.2-0.35 m/s (Hand, 1974) with
a flow thickness of 0.09-0.26 m (assuming Fr=1).
The necessary properties for basal layers as part of
high-density turbidity currents are flow velocities
between 0.5-0.8 m/s with flow depths of 0.1 to
0.26 m (type II or III; Fig. 8B). Considering the
gravel infill and the erosive nature of the scours the
latter option of a small high-density layer dragged
by an overlying low-density layer seems more plausible.
The lens-shaped intercalated sandy beds can
be interpreted in several ways: as 1) large-scale
breaking antidunes (100m; Fig. 8B) deposited
during the final low-density phase of high-discharge events or as separate low discharge events
or 2) as plane beds deposited beneath subcritical
high-density layers draping an irregular topography. Distinction between these two options could
be made on the basis of the lamina type reflecting
the depositional mechanisms. Low density largescale antidune deposits consist of low-angle, wavy
parallel beds, while subcritical plane bed traction
carpets consist of crudely stratified horizontal deposits. Such distinction, however, is here hindered
by extensive bioturbation, obliterating the primary
sedimentary structure.
Although the Donkey outcrop is generally
finer grained, it shares the three characteristic facies observed in the1st Hump outcrop leading to
similar interpretations (Fig. 14.A1-B1). Clusters
of outsized clasts, observed in the thin continuous
sandy layers, point to post-depositional reworking
of the coarse-grained deposits by the same flow
event or by later lower energy events.
4.3.2.  Cuevas outcrop
The Cuevas outcrop is again sandier than the
previous, more proximal outcrops. The general
characteristics of the Cuevas outcrop are similar
to the features observed in the Donkey outcrop:
1) scoured coarse-grained deposits with chaotic
and massive fills and abundant outsized clasts and
2) more continuous flat lens-shaped sandy beds

truncating each other at very low angles. In contrast
to the Donkey outcrop the coarse-grained beds are
thinner, finer grained and show less well developed
backsets and more irregular erosion surfaces. The
combination of flame structures and chaotic fills
(Fig. 12D-E) points to powerful hydraulic jumps,
which are characteristic of cyclic steps and chutesand-pools. The less well developed backsets and
irregular erosion surfaces make chutes-and-pools
a more likely option as these are characterised by
irregular hydraulic jump migration (Fig. 14.A2).
The typical length scales of the coarse-grained beds
are indeed slightly longer (~60-100 m), than those
found in the Donkey outcrop. Downslope trends
of increasing wavelengths are also known from the
Var and Monterey Canyons (Savoye, pers. comm.;
Smith et al., 2007). Numerical models have linked
such trends to increasing discharge downstream
(Cartigny et al., 2011), which can be achieved by
increasing velocities or flow depths. Here gradual
downstream decreasing grain sizes combined
with lower Froude numbers associated to chutesand-pools, instead of the cyclic steps upstream,
point to an increase in the thickness of the basal
high-density layer (~2 m; type I; Fig. 8B). Such
increasing thickness of the high-density layer could
possibly be triggered by enhanced fall-out rate due
to radial expansion linked to a hydraulic jump in
the low-density layer, and subsequent deceleration
of the flow at the transition from the canyon to the
fan (Fig. 9).
The more continuous, lens-shaped sandy
beds with their low-angle truncations are similar
to those described from the Donkey outcrop and
also here they are correlated to either antidune
formation below low-density turbidity currents or
to plane bed sedimentation from traction carpets
generated by high-density turbidity currents. The
lack of plane bed stratification that would result
from tractive sediment transport by a low-density
flow (Bouma Tb) suggests that the latter option is
more likely (Fig. 14.B2).
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Fig. 13 - Ventisca outcrop. Main paleoflow direction to the left. A) showing three regularly-spaced scours below a continuous
Bouma Tb bed; B) Detail of the inset in A showing through draping and backset laminae.

4.3.3.  Ventisca outcrop
The sheet-like turbidites with abundant Bouma
Tcde typical for the Ventisca outcrops reflect lowdensity turbidity currents, since their associated
ripples rely on turbulent structures that are only
feasible at low basal sediment concentrations. Fig.
13 shows some examples of basal wavy scours that
occasionally are found at the base of these lowdensity sheet-like turbidite beds. Their metre-scale
repetitions indicate that they were formed by flows

of just 0.1 m thick (Fig. 8B). This is only feasible for
high-density turbidity currents, where a the basal
layer of 0.1 m thickness reaches velocities between
0.2-0.5 m/s, sufficient for transport of the medium
to coarse grain size. These small-scale features
thus may be the final stage of very thin, sandy,
high-density layers that form by continuous fallout (Fig. 14.A3) just before the high-density layer
fully disappears and the remaining low-density
turbidity current deposits its load as expressed in
the common Tcde Bouma units (Fig. 14.B3).

Fig. 14; Visualization of our interpretation based on bedform reconstruction from outcrops in sections parallel to the paleoslope. Length scales are distorted for clarity; bedform scale is tens of metres, while paleo-slope spans ~7 kilometres. A) Proximal to distal transect during a high discharge (high energy event), with drawings showing details of the morphodynamics
between flow and bed at the three locations along the proximal to distal transect of the Buho Canyon; B) Same proximal to
distal transect but here during a low discharge (low energy event. Note the difference in facies that would develop at the four
localities.
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4.3.4.  Flow trajectories through the stability
diagram
Flow conditions in the Tabernas sand/mud system
can be linked to the bedform stability diagram of
Fig. 8 through interpretations of the four outcrops
described above. This allows predictions of deposit
types in between outcrops. Figure 8 also allows
erecting an idealised vertical facies succession for
proximal turbidite deposits, which will be used to
compare supercritical bedform deposits with the
classical sedimentological models of coarse-grained
turbidite deposits as shown in Fig. 1.
As discussed above, the proximal coarsegrained chaotic beds observed in th 1st Hump
and Donkey outcrops are linked to high discharge
events producing cyclic steps (~60 m) below ~1.0 m
thick traction carpets (Fig. 15.A1). Further downstream, in the Cuevas outcrop, cyclic step deposits
change to finer-grained, slightly longer chutesand-pools (~80 m) that form below thicker (~2 m)
high-density layers (Fig. 15.A2). In the most distal
Ventisca outcrop breaking antidunes formed beneath high-density turbidity currents with a thickness of only 0.1 m (Fig. 15.A3). The red line in the
stability diagram of Fig. 15A shows the proximal
to distal path of a high discharge and high-density
event. On the basis of the experiments an idealised vertical succession is constructed (Fig. 15C):
starting from a massive cobbly deposit overlain
by backsets reflecting cyclic steps (tens of metre
scale), followed by low-angle lensoid interstratified
sets of structureless gravel (metre scale) sometimes
overlain by better-stratified deposits and ending
in thinner and shorter better stratified sandy antidune deposits (dm scale).
The low discharge events show a different proximal to distal facies association (blue line
in Fig. 15.B). They start proximal with gravelly
lens-shaped chute-and-pool (Fig. 15.B1) and further downstream antidunes deposits (Fig. 15.B2)
formed below a high-density layer of several dm
thick. At the canyon-fan transition an hydraulic
jump in the low-density layer is assumed, leading to thicker and sandier traction carpets with
high aggradation rates (Fig. 15.B3). These thicker
traction carpets lead to decreasing Froude numbers and to crudely stratified plane bed deposits
(Fig. 15.B4-5) in the Cuevas outcrop. In the distal
Ventisca outcrop low-density turbidity currents
produce Bouma Tb-e deposits (Fig. 15.B6-8). As
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Tc-e forms under subcritical low-density turbidity currents, and because such low density turbidity current are very likely to be supercritical in the
steeper proximal parts, a hydraulic jump in the
low-density layer is proposed in between the Cuevas outcrop and the Ventisca outcrop (Fig. 15.B4).
The idealised succession for low-discharge events,
based on the experiments, is shown in Fig. 15C.
5.   Discussion
5.1.  Comparison to classical
coarse-grained turbidite models

sedimentological

Using the overlap in sedimentary structures
between the low and high discharge succession, an
idealised overall vertical succession is shown in Fig.
16. Classical models of coarse-grained turbidite
deposits (Lowe, 1982; Massari, 1982; Mutti,
1992) form a solid base to study the validity and
applicability of the sedimentary succession based
on the stability diagram. A comparison between
the experimental succession and the outcrop
and core based models leads to some interesting
features that are discussed below.
The basal cyclic step deposits, as indicated by
the experimental data, differ from the basal part of
the idealised vertical sequences constructed from
field models by its normal graded base and well
pronounced backsets. Only Massari’s R and R3b
facies does show some similarities to the cyclic
step deposits with the stacking of a R3B backset
facies on a basal structureless facies (R). Since cyclic steps are often large in comparison to outcrop
scales, the alternations between structureless and
crudely stratified facies seen in the field successions
may also be related to cyclic steps. Using a Markov
chain analysis, Hiscott (1994) showed that spaced
stratification are commonly underlain and overlain by structureless deposits (Fig. 17C). An example of such alternation (Fig. 17B) was found
in a deep-water sandstone in British Colombia,
Canada (Yagishita, 1994). Both examples show
spaced stratification downlapping onto structureless deposits. Vertical alternations between near
horizontal strata and massive deposits have also
been captured in some unique pictures of a submarine outcrop of gravel waves on the Laurentian
Fan (Fig. 18A; Clarke et al., 1990). Such alternation between structureless deposits and spaced
stratification closely resemble cyclic step deposits
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8. No motion, settling
3. Sandy breaking antidunes
Ventisca
2. Gravely chutes-and-pools
Cuevas

7. Sandy ripples
6. Sandy plane bed spaced stratification
Ventisca
4-5. Sandy plane bed crudely stratified
Cuevas
3. Sandy tractionless fall-out hydraulic jump

1. Cobbly cyclic steps
Buho/Donkey

Flow direction

2. Sandy breaking antidunes

1. Gravely chutes-and-pools
Buho/Donkey

Fig. 15; A) Trajectory followed by high-discharge turbidity currents in the Tabernas Basin through the stability diagram, based
on facies analysis and insight from the experiments. B) Trajectory followed by low-discharge turbidity currents in the Tabernas
Basin through the stability diagram, based on facies analysis and insight from the experiments. C) Resulting idealized vertical
sedimentary succession based on outcrop and experimental data if the down slope facies trends would be stacked on top of
each other.
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Fig. 16 – Comparison between classical coarse grained turbidite deposits and an idealized vertical succession based on the
stability diagram in Fig. 15 (HD= high-density turbidity current, LD= low-density turbidity current, CS= cyclic step, CP=
chute-and-pool, BAD= breaking antidune, PB= plane bed, R=ripple).

(Fig. 3). On a large scale (several tens of metres)
it might be difficult to distinguish between cyclic
step beds (structureless deposits overlain by stratified backset) and successions formed under plane
bed conditions with decreasing aggradation rates
(crudely stratified overlain by horizontal stratification).
Chute-and-pool and antidune deposits
show some similarities with the S1 of Lowe, the
R3b of Massari and the WF facies (see Mutti,
1992). However, the field models show that these
deposits cover only a thin part of the succession,
implying that they are rare or form under low aggradation rates. Experimental work has shown
that chute-and-pool and antidune deposits at low
depositional rate consist of near-horizontal stratifications, because only the lowest part of the sets
which is generally tangential to the set boundary
is preserved (Cartigny et al., Chap. 2). Combining
such pseudo-horizontal stratifications with typical
length scale of tens of metres, chutes-and-pools
and antidunes might be included in Lowe’s S2 or
Massari’s S1. Figure 17A shows an example of low-

angle wavy spaced stratifications on a metre-scale
as found in sediment gravity flow deposits in icemarginal lake (Postma et al., 1983)
The plane beds formed under supercritical
high-density turbidity currents (Fig. 16; PB HD)
are linked to spaced stratification (abundant erosional surfaces) or crudely stratified deposits (Fig.
7) depending on the basal sediment concentration.
Such deposits are similar to those seen in Lowe’s S2,
Massari’s S1 and Mutti’s F4 and 7. The distinction
between subcritical horizontal plane bed stratifications and supercritical low-angle wavy stratifications requires a detailed study of the stratification
geometry on a scale of tens of metres, and may be
problematic in small outcrops.
The sandy structurelesss top of the sequence
(Fig. 16; S3 and F8) is here related to a strongly
depositional, sandy, high-density layer resulting
from enhanced sedimentation after an hydraulic
jump (Postma et al., 2009). The field models show
that this structureless facies is covering a large
part of the succession (Fig. 16; Lowe and Massari), indicating either high sedimentation rates
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Fig. 17; A) low-angle wavy crudely stratified deposits overlain by spaced stratification in turbidity current deposits in an
ice-marginal lake (Postma et al., 1983). Trowel at the base for scale. B) Alternation between structureless sands and spaced
stratifications, overlain by wavy sandy bedforms, British Colombia, Canada (Yagishita, 1994). Jacob’s staff for scale is 1.5 m
long C) Spaced stratification Cloridorme Formation, Quebec, Canada (Hiscott, 1994). Scale is 15 cm long. D) Detail of the
strata in C.

or prolonged sedimentation. The abundant water
escape structures associated with these structureless sands point to loose sediment packing, which
points again to high-sedimentation rates. Instead
of the constant aggradation rate assumed in the
experimental succession, it seems more likely that
the basal part of the succession forms under lower
aggradation rates, while higher aggradation rates
are achieved during the deposition of the massive
intervals here associated to an hydraulic jump in
the low-density layer.
The field models of Fig.16 also include
normally graded intervals: Lowe S3, Massari S2
and Mutti F5. Mutti has interpreted these facies
as en-masse deposition, which could be related

to hydraulic jumps. However, repetitive bands of
normally graded structureless sands as observed
by Massari would then imply successive hydraulic jumps migrating in trains. If these structureless
sands are indeed indicative for a hydraulic jump in
a low-density turbidity current, then such train of
hydraulic jumps might represent a repetitive surge
pattern formed in breaking antidunes in a lowdensity turbidity current.
Another interesting feature of the field models (Fig. 16) is the presence of high-angle foresets
of the F6 facies. If the structureless deposits and
the crudely banded deposits are the result of highdensity turbidity currents, then the occurrence of
high-angle cross stratification formed by low-den-
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sity turbidity currents seems unlikely. Mutti (1992)
placed these deposits downstream of an hydraulic
jump, where hydraulic jumps are then thought to
transform high-density supercritical flows to lowdensity subcritical flows. High-angle foresets could
also be the result of downstream migrating bedforms resulting from breaking antidunes (Alexander et al., 2001). Alternatively, high-angle foresets
might be a result from post-depositional reworking
during periods of increased flow energy (Kneller &
McCaffrey, 2003). The latter reasoning points to a
shortcoming of idealised successions as presented
in Fig. 16, which assume an overall waning flow.
In the long run turbidity currents are waning, but
flow conditions may well vary before reaching this
waning state (Kneller, 1995). Such fluctuations are
likely to erode or replicate parts of the succession,
and make the application of an idealised vertical
succession prone to deviations of the idealised successions.
5.2.  Additional factors

Although the third dimension expands the
applicability of the stability diagram, more
dimensions would be needed to give a full
description of the range of possible structures
formed by proximal turbidity currents. The main
drawback is perhaps the experimental limitation
of only producing quasi-steady two-dimensional
flows, which behaviour forms the basis of this
diagram, i.e. flow conditions unlikely to be found
in natural turbidity current systems. The conceptual
model brought forward here is, therefore, serves as
a framework for further research, rather than an
attempt to fully capture the morphodynamics of
proximal turbidity currents.
One of the additional effects that should
be taken into account is that different grain-size
distributions result into different flow behaviour
(Gladstone et al., 1998), especially if cohesive sediments are evolved (Baas et al., 2009; Sumner et
al., 2009). Bedforms described here were all observed below sandy turbidity currents or saline
flows. The effect of cohesive sediment on bedform
behaviour is still poorly constrained. Numerical
modeling has shown that especially the development of cyclic steps depends on the capability to
erode the substrate (Balmforth & Vakil, in press),
which becomes less likely for flows involving cohesive sediments. If sediment mobility is reduced,
supercritical bedforms are replaced by roll waves

6

(Balmforth & Mandre, 2004; Balmforth & Vakil,
in press). Next to different grain-size distributions
within the flow, also the grain size and packing of
the bed are bound to strongly influence the morphodynamics, as previous deposits dewater, eroded sediment is mixed into the flow or existing beds
are sheared by the flow.
Initial topography is also bound to influence
flow dynamics. In the experiments the bedforms
were constructed at a stable discharge and with a
constant grain-size distribution. Natural flows are
likely to be unsteady in discharge and grain size.
Seismic images and cores have shown fine-grained
sediment waves, internally consisting of layers
covering the complete bedform, which are coarse
grained at their stoss sides and fine grained at their
lee side (Migeon et al., 2001). This indicates a lack
of capability for low-discharge events to modify
pre-existing bedforms. Such non-equilibrium
bedforms may introduce errors in the deductions
made on the basis of bedform sizes and grain size.
Bedforms covering natural systems are expressed in three-dimensions, and vary laterally as
a result of laterally changing flow properties. Bathymetric images of the Eastern Valley of on the
Laurentian Fan show lateral alternations of gravel
waves and sand ribbons (Fig. 18B, Wynn et al.,
2002a). Three-dimensional antidunes are observed
to exist in trains laterally of upper flow-regime
flat beds in flume experiments (Guy et al., 1966;
Yokokawa et al., 2010) and field observations
(Blair, 1987). The three-dimensional geometry of
cyclic steps is still poorly constrained, although bathymetric images show their crests to be fairly twodimensional and continuous occasionally bending
downstream as they approach canyon walls (Fig.
18C; Smith et al., 2007; Wynn et al., 2002a).
This lack of three-dimensional constraints hinders
a more solid interpretation of cyclic steps in the
rock record, especially when distinguishing cyclic
steps from isolated scours. Close to channel-lobe
transitions, bathymetric images often show either
isolated or amalgamated chevron-shaped scours
(Wynn et al., 2002b). The origin of the formation
of these scours is still not well understood. They
could form as flute-like features below thick turbidity currents, while under thinner flows they are
likely to trigger hydraulic jumps at their deepest
points, similar to a scour-and-fill sequence (Massari, 1996). Although the relation between these
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A. Sedimentary structure of a gravel wave outcropping in the
Eastern Valley of Laurentian Fan (Clarke et al., 1990)
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Fig. 18; Picture taken from a submersible on a gravel wave outcrop on the Laurentain Fan (Clarke et al., 1990). B) Lateral
variation of gravel waves and sand ribbons on the floor of the Eastern Valley on the Laurentian Fan (Wynn et al., 2002a). C)
Three dimensional view of sand waves covering the floor of the proximal part of the Monterey Canyon (Smith et al., 2007).

scours and bedforms is unclear, they are likely to
show similar sedimentary structures. This implies
that the cobbly scour-fills in the Tabernas Basin
could also be interpreted as amalgamated chevronshaped scours. Physical or numerical experiments
involving more erosive flows in a three-dimensional setting are necessary to further resolve the dif-

ferences and similarities between these bedforms
and scours.
Notwithstanding the current limitations of
the experimental model, similarities between the
experimental models and observations of both
modern as fossil turbidity current systems show
that superciritical-flow bedforms are likely to play
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a larger morphodynamic role as is currently recognised. Large scale bedforms might well have been
overlooked or interpreted as lateral changes, due
to their large aspect ratios. Further research on extensive turbidity current outcrops and larger scale
turbidity current experiments, preferably in threedimensions, would be helpful to further constrain
the impact of supercritical-flow bedforms in proximal turbidity current deposits.
6.   Conclusions

Experiments and observations in modern canyon
systems show that supercritical-flow bedforms, i.e.
antidunes and cyclic steps, are likely to form in
proximal turbidite settings. The geometry and size
of these bedforms are linked to the thickness of
the flow that formed them. As indicated by the
abundance of crudely stratified and structureless
deposits that characterise proximal turbidites, the
turbidity currents that formed them were likely
of high density. This has a consequence for the
internal structure and size of the bedforms, as
their dynamics are determined by the thickness
of the basal layer (bed interface to first density
stratification). This has led to a conceptual, threedimensional bedform stability diagram that
attempts to capture the variations of bedforms
over varying basal flow concentrations and flow
depths.
The three-dimensional stability diagram
allows constraining of the dynamics of turbidity
currents over a proximal to distal turbidite deposit
in the Tabernas Basin. Structures of supercriticalflow bedforms as observed during experiments
have led to better understanding of previously
enigmatic beds.
A comparison between the idealised, experimentally generated vertical sequence and classical
field models of coarse-grained turbidites pointed
to the possibility that associations of structureless,
crudely stratified and spaced stratifications may
represent large-scale supercritical-flow bedforms.
However, more experimental research and studies
of extensive turbidite outcrops will be necessary to
constrain such hypothesis. The three-dimensional
stability diagram brought forward here is hoped to
serve as a framework for such further research.
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Synthesis

By combining seafloor observations with numerical
and physical experiments it has been shown that
turbidity currents in the proximal parts of their
trajectories are likely to be supercritical (Chapter
1). Interpretations based on the deposits of
proximal turbidity currents, however, generally
do not consider supercritical processes. Deposits
of proximal turbidity currents are indicative of
flows carrying high sediment concentrations
(Chapter 1). However, in both numerical and
experimental turbidity current studies low
sediment concentrations are generally assumed. By
combining these observations proximal turbidity
currents are likely: 1) to be in a supercritical flow
state and 2) to carry high sediment concentrations
(being of high-density). Experiments that
combine these two properties would therefore
be most appropriate to gain insight into the
morphodynamics of these proximal turbidity
currents. However, as yet there are no flumes or
numerical models that allow experiments with
supercritical high-density turbidity currents on
time scales allowing the study of fully developed
morphodynamic behaviour. Therefore, this
study approached this problem by studying the
behaviour of supercritical flows (Chapter 2 and 5)
and the behaviour of high-density flows (Chapter
3 and 4) as separate problems. In Chapter 6 the
results are synthesized and a conceptual model
for supercritical high-density turbidity currents is
presented.
The morphodynamics of supercritical flows
are studied in a subaerial setting (non-submerged
flow) in a flume, because only in a subaerial experimental setting flows capable of carrying sand
in suspension can be observed over time-scales
that allow full bedform development (Chapter 2).
Previous studies have shown that the morphodynamics of subaerial flows can be applied to subaqueous flows, like turbidity currents, by applying

Froude scaling. The experiments presented here
lead, for the first time, to a holistic understanding of morphodynamic processes that govern the
gradual transition between the various types of supercritical bedforms. By applying a synthetic technique for bed aggradation, the associated internal
structures of the various bedforms (on bedform
set scale) were constructed for different aggradation rates. These internal structures can serve as a
framework for the recognition of the often very
large-scale supercritical-flow bedforms in the sedimentary record (Chapter 6).
In addition, turbidity currents with a range
of sediment concentrations were generated in a
fully subaqueous experimantal setting (Chapter 3
and 4). In Chapter 3 it is shown how the character
of turbidity current deposits varies with sediment
concentration at the base of the flow. The processes described in Chapter 3 apply on a lamina
scale smaller than the above described bedform
set scale. The runs demonstrate that the character
of the laminae deposited on the stoss side of large
low-angle antidunes or cyclic steps is dependent
on the basal sediment concentration at this location. In addition, the experiments show three distinct types of density-stratified flow layers, which
are linked to characteristic lamination features.
Hydraulic jumps are shown to be a common
part of bedforms formed under supercritical flow
conditions. Due to the severe impact of hydraulic
jumps on the flow, deposits formed in relation to
hydraulic jumps deviate from those formed below
typical “steady state” flows (Chapter 3). The Chapter 4 experiments show the flow patterns that are
characteristic for hydraulic jumps in turbidity currents. Furthermore, they show how these patterns
change with increasing sediment concentration.
High sediment concentrations lead to detachment
of the supercritical flow entering the hydraulic
jump from the bed, thereby severely limiting the
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traction on the bed. This strong decrease of traction is proposed to be the cause of structureless
deposits (Bouma Ta) that are commonly observed
in the sedimentary record of proximal turbidity
currents.
The result of Chapters 2 to 4 can be combined into a sedimentological model for supercritical high-density turbidity currents. For the
recognition of such deposits in outcrops a rough
estimate of the size of supercritical bedform deposits is essential. The numerical model presented
in Chapter 5 is a tool to estimate the dimensions
of supercritical bedforms. It is shown that supercritical bedforms, i.e. cyclic steps, do well explain
the previously poorly understood variety of coarsegrained sediment waves (10-100’s metres) and finegrained sediment waves (km’s). These numerical
modelling results and especially the existing database on sediment waves now allow a rough estimation of the dimensions of sedimentary structures
associated with supercritical-flow bedforms to be
expected in the rock record.
In Chapter 6 a prediction is made of the
types of sedimentary structures that may be produced by supercritical high-density turbidity currents by synthesizing the results of Chapters 2 to
5. Large-scale (10-100’s metres for coarse sand to
gravelly deposits) supercritical-flow bedform structures (near horizontal to low-angle wavy sets) consisting of smaller, concentration-depended internal structures (spaced stratification to very crude
laminations) alternate with hydraulic-jump-related deposits (structureless sediments). The main
parameters that influence these characteristics are:
1) the Froude number which determines the type
of bedform and the associated sedimentary structure on a set scale, 2) the sediment concentration
at the basis of the flow that determines the type
of lamination to be expected within the bedform
sets, and 3) the grain size that determines the
likelihood of suspension transport and the transition to cyclic step bedforms. The variations in the
morphodynamics and the associated sedimentary
structures are shown in a three-dimensional stability diagram as a function of these three parameters. This three-dimensional model is then applied
to turbidity current deposits in the Tabernas Basin
in SE Spain. The Tabernas turbidity current deposits show many of the bedform characteristics
found in the numerical and physical experiments,
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such as a variety of near-horizontal to low-angle
wavy deposits on a decametre scale, consisting of
interstratified structureless beds and more crudely
stratified deposits. Furthermore, the deposits show
a proximal to distal variation, which can be explained in terms of decreasing basal sediment concentrations and variations in Froude number.
Natural settings tend to be less constant in
their boundary conditions than physical and numerical experimental flows. Variations in depositional signature can thus also be due to temporal
and spatial variations in flow conditions. Distinguishing between such random variations and
self-organized variations (supercritical bedforms)
is difficult on the basis of the data available so far.
Such distinction needs: 1) more detailed fieldwork
to further constrain the three-dimensional shapes
and facies distribution on a bedform scale (10100’s metres) and 2) further experiments that constrain the three-dimensional shape of supercritical
bedforms.
In a more general sense it is the methodology of studying the effects of supercritical behaviour and high-density behaviour as separate problems that need further research. Superimposing the
morphodynamic behaviour of supercritical flows
on high-density flows is only allowed if the properties of the particular processes are independent.
This study shows that this is not the case. First of
all because sediment concentrations determine the
density and thereby also affect the Froude number.
Secondly, density stratifications within the flow
imply that each density layer holds its own Froude
number. Further up-scaling of laboratory flumes
and their associated feeding systems and the development of numerical codes capable of handling
internal stratifications with high sediment concentrations is necessary to further improve the conceptual model of the morphodynamics of supercritical high-density turbidity currents presented
in this thesis.
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Samenvatting
Rivieren zorgen voor een constante aanvoer van
zand en silt (sediment) naar zee. Waar een rivier
uitmondt in zee, zinkt het meegevoerde sediment
naar de zeebodem. Daar staat het vervolgens bloot
aan de werking van golven en getijden. Wanneer
zand zich als gevolg van deze processen zich
ophoopt op de overgang van ondiepe kustzeeën
(continentale plat) naar de onderzeese helling die
leidt naar de oceaanbodem (continentale helling),
dan kunnen heftige stormen en aardbevingen er
toe leiden dat het sediment op deze helling weg te
zakt als een onderzeese aardverschuiving. Daarbij
kunnen grote volumes sediment wegglijden
over de continentale helling. Tijdens dergelijke
aardverschuivingen kan zeewater worden gemengd
met het sediment waardoor een sediment-water
mengsel ontstaat. Dit mengsel is zwaarder dan
het omringende zeewater, daardoor zal het onder
invloed van de zwaartekracht over de continentale
helling in de richting van de oceaanbodem
stromen. Een dergelijke stroming van sediment
en zeewater over de zeebodem noemt men een
troebelingsstroom.
Wanneer een troebelingsstroom voldoende
snelheid heeft, zal er meer sediment worden
opgenomen van de zeebodem (erosie). Dit maakt
de stroming nog zwaarder en sneller, zodat deze
stromingen kunnen uitgroeien tot grote stromen,
van kilometers breed en tientallen meters hoog.
Met hoge snelheden, tot wel 80 km/uur, banen ze
zich een weg in de richting van de diepe oceaan.
Het resultaat van dit soort stromingen en de bijbehorende erosie kan worden waargenomen op zeebodem. De erosie leidt tot grote kloven (canyons)
die vaak vaak duidelijk zichtbaar zijn op kaarten
van de zeebodem (zie Fig. 2A van hoofdstuk 1).
Deze erosieve canyons gaan in dieper water, waar
de helling geleidelijk afneemt en de stroming
minder erosief of zelfs depositioneel wordt, vaak
over in geulen die zich soms wel tot honderden
kilometers over de oceaanbodem uitstrekken. Aan
het eind van zulke geulen, waar de helling erg flauw
wordt en het meeste sediment begint uit te zakken,

worden enorme afzettingen in de vorm van sedimentwaaiers gevormd (zie Fig 2B van hoofdstuk
1).
Gedurende de geologische geschiedenis
(vele miljoenen jaren) hebben troebelingsstromen
sediment waaiers opgebouwd op de oceaanbodem.
Wanneer deze waaiers te hoog worden, dan verleggen de troebelingsstromen zich naar naastgelegen
diepere delen. De sedimentwaaiers worden dan
langzaam bedekt met lagen van klei en organische
overblijfselen die langzaam bezinken vanuit de waterkolom. Afhankelijk van omgevingsfactoren kan
de ruimte tussen de korrels in de afzettingen zich
vullen gas en/of olie afkomstig uit dieper aardlagen. Wanneer de bovenliggende kleilagen voorkomen dat de olie en gas verder omhoog stromen,
dan kunnen dergelijke sedimentwaaiers en soms
ook de aanliggende geul en canyon afzettingen,
worden gevuld met olie of gas. Daarmee vormen
zij een interessant doelwit voor de olie-industrie.
Wanneer een olie-maatschappij één van deze sediment lagen aanboort, dan kan de olie hieruit naar
boven worden gehaald. De hoeveelheid olie die uit
zo’n laag komt hangt sterk af van de eigenschappen van de korrels, omdat zij bepalen hoeveel
ruimte er tussen zit. Een tweede belangrijke eigenschap van de afzetting is de onafgebroken ruimte
waarin de olie zich kan verplaatsen, omdat dit het
te produceren volume bepaalt. Het is voor een oliemaatschappij dus essentieel te weten hoe zulke
afzettingen die zijn geproduceerd door troebelingsstromen eruit zien. Hoe uitgestrekt zijn de
afzettigen en hoe variëren de sedimenteigenschappen over deze afzettingen?
Een antwoord op vragen als deze is vaak
moeilijk direct te geven aangezien de afzettingen begraven liggen onder de oceaanbodem.
Ook directe metingen aan troebelingsstromen
zijn erg lastig, omdat dit type stroming niet vaak
voorkomt en wanneer ze ontstaat is ze vaak zo
krachtig dat meetapparatuur door de stroming
wordt meegenomen en onder dikke pakken sediment wordt bedolven. Het antwoord op vragen
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over troebelingsstromingen en de gerelateerde afzettingen moet dus op een andere manier worden
gevonden. Dit kan met behulp van verschillende
methodes. Afzettingen in de ondergrond kunnen grootschalig worden bekeken met geofysische
technieken zoals seismiek. Hierbij worden geluidsgolven in de aarde gestuurd en kan aan de hand
van de reflectie van deze golven een beeld worden
gemaakt van de ondergrond. Dit kan dan worden
gecombineerd met boorkernen, zodat op sommige
plekken de verticale opbouw van de ondergrond
in detail kan worden bestudeerd. Een alternatief is
het bestuderen van de troebelingstromingsafzettingen op de modern oceaanbodem door er met
schepen of kleine onderzeeërs over heen te varen,
en er met behulp van sonar een driedimensionale
afbeelding van te maken. Behalve de boorkernen,
die erg duur zijn, geven deze technieken slechts
een zeer ruw beeld van de afzettingen. Wanneer
meer detail is vereist, kunnen dergelijke afzettingen
worden bekeken op plekken waar fossiele oceaanbodemafzettingen ten gevolge van plaattektoniek
omhoog zijn gebracht en nu onderdeel uitmaken
van het landschap zoals dat bijvoorbeeld het geval
is in het gebied rond Tabernas in Zuid Spanje. Op
plekken als deze kunnen geologen de afzettingen
nauwkeurig in beeld brengen en de eigenschappen
in detail vastleggen.
Alle bovenbeschreven technieken geven
echter enkel inzicht in de afzettingen. Om betere
voorspellingen te doen met betrekking tot de ondergrond is het belangrijk ook de relatie tussen afzetting en processen in de stroming te begrijpen.
Deze relaties tussen stroming dynamiek en de aard
van de afzetting (morfologie) kan dan overal ter
wereld kan worden gebruikt om voorspellingen
van sediment eigenschappen in de ondergrond
te doen. Behalve door de directe metingen van
troebelingsstromen, die erg problematisch zijn,
bestaan er twee andere methodes om de relatie
tussen afzetting en stroming (morfodynamiek)
te doorgronden. Schaalmodellen kunnen worden
gebruikt om de morfodynamiek na te bootsen.
Daarnaast kan met behulp van computermodellen de morfodynamiek van troebelingsstromen
worden bestudeerd.
In deze studie is voornamelijk gebruik gemaakt van schaal- en computermodellen om een
model te ontwikkelen dat het type afzetting koppelt aan de snelheid, dikte, sediment concen-

tratie (hoeveelheid sediment per volume) en de
korrelgrootte van troebelingsstromen. Met behulp
van een dergelijk model kunnen stromingeigenschappen van troebelingsstromen worden gereconstrueerd voor locaties waar boorkernen zijn
genomen. Het model vormt dan een krachtig
instrument om voorspellingen te doen over de
sediment eigenschappen in de tussenliggende gebieden. De resultaten van de model studies laten
zich goed vergelijken met fossiele afzettingen en
met afzettingen op moderne oceaanbodems.
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