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The interaction between turbidity currents and mobile substrates can lead to the
development of different types of bedforms. Although much research has been
conducted on bedform development beneath open channel flows, research into
bedform development beneath waning gravity currents is relatively rare. Analysis of
density current-related bedform development has therefore relied upon open channel
flow phase diagrams. We report on an experimental study designed to assess the
development of bedforms under steady and waning saline density currents. The
experimental density currents developed stepped density profiles in which a higher-
density basal zone was separated from the ambient fluid by a zone of intermediate
density; any bedforms that developed were contained within the bottom layer of the
current. Under different conditions ripples, dunes, downstream migrating antidunes and
longwavelength antiduneswere observed to form and could be distinguished based on their
interactions and phase relationships with the upper surface of the lower denser layer of the
current. Due to limited mixing between the upper and lower layer of the current and
maintenance of current momentum, currents set with slowing discharge flow rates
maintained a steady flow velocity in the lower layer of the flow. As a result, sustained
bedform formative conditions were achieved within this lower layer, while waning current
conditions effected the rest of the flow. Under waning currents, it was seen how pre-existing
bed states can determine the subsequent evolution of bedforms. This illustrates the
limitations of existing phase diagrams as they do not account for trajectory or rate of
passage of flows through different bedform phase spaces. In order to establish a reliable
quantitative association between the flow regime and the type of bedform development, it is
critical to adopt an appropriate Froude number calculation method for stratified flow. The
updated density current phase diagram indicates supercritical flow can be achieved at lower
flow velocities than for open channel flows due to the effects of reduced gravity. Bedform
depositional structures found in outcrop and on themodern sea floor provide data that helps
to interpret the hydrodynamic and sedimentological character of the current that formed
them. Therefore, understanding the processes involved in bedform development beneath
density currents will enable more accurate estimation of the properties of flows.
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INTRODUCTION

Turbidity currents are a type of buoyancy-driven flow whose
density excess arises via turbulent suspension of sediment
(Middleton, 1993; Kneller and Buckee, 2000). They are one of
the principal means of redistributing sediment, nutrients and
pollutants in the world’s oceans (Masson et al., 2006; Galy et al.,
2007; Covault, 2011; Dorrell et al., 2014; Azpiroz-Zabala et al.,
2017; Pohl et al., 2020) and pose a significant risk to offshore
infrastructure (Bruschi et al., 2006; Carter et al., 2014; Clare et al.,
2016). The deposits (turbidites) are accumulations of multiple
flows and collectively form the largest sedimentary landforms on
the Earth’s surface (Kneller, 2013). The interaction between
turbidity currents and their substrate may result in the
generation of various types of bedforms via processes of
sediment erosion, transportation and deposition (Hand, 1974;
Garcia and Parker, 1993; Wynn et al., 2000a; Wynn et al., 2000b;
Postma et al., 2009; Sequeiros et al., 2010; Postma and Cartigny,
2014). Collection of data directly from active turbidity currents is
challenging; due to their magnitude and speed they are known to
have destroyed the analytical equipment deployed to measure
them (Azpiroz-Zabala et al., 2017; Paull et al., 2018 and references
therein). However, via sea floor surveys (Normark et al., 1980;
Hughes Clarke, 2016; Hage et al., 2018; Paull et al., 2018),
experimental work (Parker et al., 1987; Alexander et al., 2008;
Spinewine et al., 2009; Sequeiros et al., 2010; Cartigny et al., 2011;
Cartigny et al., 2014; Fedele et al., 2016; Koller et al., 2017; Koller
et al., 2019) and more commonly, by studies of bedforms
preserved in outcrop (e.g., Bouma, 1962; Hubert, 1966; Keith
and Friedman, 1977; Lucchi and Valmori, 1980; Lowe, 1982;
Mutti, 1992; Kneller and McCaffrey, 2003; Sylvester and Lowe,
2004; Bakke et al., 2008; Arnott, 2012; Sumner et al., 2012)
research into bedform development by turbidity currents has
taken place. Yet, interpretation of depositional bedforms
structures found in turbidites often relies upon research done
for bedforms in open channel flows. Fedele et al. (2016), Koller
et al. (2017), Koller et al. (2019), and Sequeiros et al. (2010) have
shown that open channel flow bedform phase diagrams
incorrectly predict bedform development and
morphodynamics beneath density currents. This shortcoming
has been attributed to hydrodynamic differences between density
currents and fluvial flows (Sequeiros et al., 2010; Fedele et al.,
2016; Koller et al. 2017; Koller et al. 2019), illustrating a need for
further research to determine what controls bedform formation
beneath turbidity currents, in comparison to other environments.
Much of our understanding of the hydrodynamic and
sedimentological character of turbidity currents is derived
from analysis of preserved depositional structures found in
turbidites. Therefore, more accurate interpretation of the
turbidity current can be achieved via improved understanding
of the sedimentological processes responsible for certain
depositional products.

Although previous research has mainly focused on the flow
dynamics of steady density currents, real-world turbidity currents
are commonly characterized by the passage of high velocity
heads, followed by progressive waning of mean velocity during
passage of the body and tail of the current over periods of hours to

days (Kneller and Branney, 1995; Kneller and McCaffrey, 2003;
Azpiroz-Zabala et al., 2017). To understand the development of
bedforms in the prototype environment, it is therefore critical to
understand how bedforms evolve both in steady and waning flow
fields. This study presents results from original experiments that
examine bedform development under both steady and waning
saline density currents. A discussion is presented on the
hydrodynamic and sedimentary processes involved in the
generation of ripples, dunes and antidunes, as well as the
complexities of bedform response to altering bedform phase
space conditions under waning currents.

Bedform Classifications and Phase
Diagrams
Research into the origin of sedimentary bedforms, their
development and their morphodynamics has mainly been
carried out for open channel flows (Shields, 1936; Allen, 1962;
Allen, 1963; Allen, 1982; Leeder, 2011). This body of work
remains the most comprehensive area of research that studies
the complex feedback and interactions that take place between a
mobile substrate and a flow (Kennedy, 1969; Yalin, 1977;
Engelund and Fredsoe, 1982; Ashley, 1990; Bennet and Best,
1995, Bennet and Best, 1996; Colman and Nikora, 2011, among
others). Since this body of work underpins the study of bedforms
in any sedimentary setting, this research will be referred to
throughout this investigation. A review of key aspects relating
to this study is therefore presented.

Bedform classification has been the subject of much research
which has defined various methods to distinguish between
different bedform types. A well-established classification
defines bedforms based on the flow regime that generated
them (Harms and Fahnestosk, 1965). Subcritical bedforms are
defined as lower-regime forms: these are lower-stage plane bed,
ripples and dunes. Supercritical bedforms are defined as upper-
regime forms: these include upper stage plane bed, antidunes and
cyclic steps (Harms and Fahnestosk, 1965; Ashley, 1990;
Knighton, 1998; Sun and Parker, 2005; Cartigny et al., 2011).

When comparing dunes and ripples, which are geometrically
similar, two approaches recur in the literature: dunes and ripples
may be distinguished by associated flow characteristics and
bedform interaction with the flow (Bridge and Best, 1988;
Bennet and Best, 1995; Bennet and Best, 1996); alternatively,
they may be defined according to their dimensions (Guy et al.,
1961; Ashley, 1990; Raudkivi, 2006; Colombini and Stocchino,
2011).

It is widely recognized that dunes and ripples differ
hydrodynamically (Richards, 1980; Baas, 1994; Bennet and
Best, 1995). As dunes and ripples interact with a current, both
experience flow separation at the crest. As dunes are relatively
larger, flow separation at the crest is greater, as is the associated
turbulent wake region and shear layer which generate from the
crest and extend downstream (Venditti, 2013). As a result,
compared to ripples, dunes generate larger-scale turbulence
that arises at the shear layer generated by Kelvin Helmholtz
instabilities (Baas, 1994; Bennett and Best, 1996; Schindler and
Robert, 2005; Leeder, 2011; Venditti, 2013). The turbulent
structures upwell through the entire flow depth (“ejection
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events”) and can interact with the flow surface (known as “boils”)
(Yalin, 1992; Best, 1993; Bennet and Best, 1995; Bennet and Best,
1996; Best, 2005; Fernandez et al., 2006). Ripples have a small
separation zone and shear layer that are restricted to the near bed
region (30–40% of the water column) and therefore do not
interact with the current’s surface (Baas, 1994; Bennett and
Best, 1996; Schindler and Robert, 2005; Leeder, 2011; Venditti,
2013). This means that dunes scale with flow depth, while ripples
exist independently of flow depth (Jackson, 1976; Yalin, 1977;
Schindler and Robert, 2005).

Dunes and ripples may also be defined according to their
dimensions (Guy et al., 1961; Ashley, 1990; Raudkivi, 2006;
Colombini and Stocchino, 2011; Bartholdy et al., 2015).
Distinctions are based on bedform dimensions such as
wavelength and height: Ashley (1990) suggests that dune
bedform dimensional data – for open channel flow – exists as
a single genetic population, separate from smaller ripple forms.
While there remains debate in the literature on the best method to
distinguish between ripples and dunes (Jerolmack and Mohrig,
2005; Bartholdy et al., 2015), in this study the primary method
used to distinguish them was to observe the presence of a phase
relationship between dune bedforms and the upper surface of the
lower layer of the current (as described by Fedele et al., 2016); for
ripples no such relationship exists (cf. Fedele et al., 2016). In
addition to studying phase relationships, in this study bedform
dimensional data was also collected which was expected to resolve
larger dune dimensions compared to ripples.

The type of phase relationship was also observed to
differentiate dunes and supercritical bedforms. Under
supercritical flow conditions, supercritical bedforms develop as
the mobile substrate takes on the shape and amplitude of the
surface waves that propagate at the current’s free surface
(McLean, 1990; Fourrière et al., 2010). As a result,
supercritical bedforms are in phase with the current interface.
Antidune development occurs under supercritical flow (Recking
et al., 2009). They are free-surface dependent (Cartigny et al.,
2014) and may migrate upstream, downstream or remain
stationary (Kennedy, 1963). Subcritical bedforms are
distinguishable from supercritical bedforms as they have an
out-of-phase relationship.

Fedele et al. (2016), Koller et al. (2017), and Koller et al. (2019)
investigated the development of bedforms beneath density
currents. They chose to differentiate dune and ripple bedforms
on the basis of flow characteristics, specifically shear stress. They
note that a lower denser layer develops within their experimental
saline gravity currents and describe an out-of-phase relationship
between dunes and the upper surface of this layer.

Observational, experimental and theoretical modeling,
principally under open-channel conditions, have refined
understanding of the hydrodynamic and sedimentological
conditions associated with bedform generation and growth,
leading to the development of bedform stability diagrams
(Raudkivi, 1976; van Rijn, 1984; Southard and Boguchwal,
1990; Van den Berg and Van Gelder, 2009). These are widely
used to predict the type of bedform that will develop under
specific sets of boundary conditions. Based on their experiments,
Fedele et al. (2016) developed a new stability diagram for

bedforms formed under density currents but noted that
further refinement of the bedform stability fields was needed.
They noted that collection of more hydrodynamic and
sedimentological data under experimentally controlled
conditions was required to advance understanding of bedform
development under density currents.

MATERIALS AND METHODS

Experimental Set Up and Methods
Experiments were conducted at the Total Environment Simulator
(TES) at the University of Hull (see Figure 1 for setup). The TES
is a 14 m long, 6 m wide and 2 m deep tank with two 3 m deep
sump tanks situated at either end that hold 21 m3 of water. A
density-current channel was placed inside the larger tank. Made
of transparent Perspex, and supported by Rexroth beams, it was
10 m long, 0.15 mwide and 0.60 m high. The interior channel was
fully submerged when the large tank filled to a depth of 1 m. The
sump tanks enabled experiments to be run for 45 min without
any back-water effects.

The flat base of the interior channel was set at 3° for
Experiments 1 and 2, then was lowered to 0.7° for Experiments
3, 4, and 5 (Table 1). A mobile substrate comprising plastic
sediment particles of median size 427 µm and specific gravity 1.50
was laid to a thickness of 15 cm inside the interior channel; the
upper surface was smoothed before the start of each experiment.
For each experiment salt was mixed and dissolved into 4,000 L of
water to reach 6% salt concentration (1,060 kg m−3). An excess
density of 6%, above fresh water ambient (1,000 kg m−3), is
equivalent to a suspended sediment load of 3.75% v/v (of
density 2,600 kg m−3).

The saline solution was held in four 1,000 L reservoirs each
equipped with a sump pump enabling the circulation of the saline
solution within the reservoir to ensure the total dissolution of the
salt and to prevent the mixture becoming stratified. In this set-up,
the sump pumps were also used to mix between the separate
reservoirs. Each reservoir was sampled for both temperature and
density every 10 min for 1 h prior to each experiment, to check
that the saline solution had reached and maintained a density of
1,060 kg m−3. During the experiments a larger pump extracted
saline solution from one primary reservoir; the other three were
connected to the primary reservoir via the sump pumps,
inputting saline solution to maintain a steady hydraulic head
throughout the experiment. Once extracted by the larger pump,
the saline solution was introduced into the upstream inlet of the
submerged interior channel. At the inlet, the flow passed through
a diffuser (with concentric tubes and discharge holes) and a 40 cm
long and 15 cm wide gravel box to remove the momentum
inherited from the pipe flow and to distribute the flow evenly
across the width of the flume as a purely gravity driven current.
On exiting the gravel box, the saline density current flowed over
the substrate. For runs with unsteady flow conditions, a flow
meter (MAG5100W electromagnetic) and linked computer
program designed in MATLAB controlled the pump speed to
ensure that the flow discharge reduced gradually and smoothly
over the course of the experiment.
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Immediately downstream of the gravel box, a sediment feeder
was positioned to deposit more sediment onto the bed,
replenishing the substrate as partial scouring took place at the
point where the current exited the gravel box. To visualize the
current, red pond dye was introduced to the channel at the
current outlet via a tube connected to a peristaltic pump.
Inputting the dye directly into the channel, rather than mixing
it inside the reservoirs, allowed more control over the height at
which dye was introduced to the density current. Having periods
of colorless flow also enabled better visualization of any bedforms
formed.

The measurement equipment included two Nortek vectrino
profilers (with sampling frequencies of 100 Hz) to record the
downstream, cross-stream and vertical velocity components of
the flow. The vectrino probes were orientated and aligned with
the downstream (x), cross-stream (y), and vertical (z) directions of
the flume, then fixed in place so the three-dimensional components

of the flow (x, y, z) were recorded accurately. The vectrinos were
positioned at 8 and 7 m from the upstream end of the channel to
ensure their presence did not impact bedform development in the
middle of the channel. A siphon array connected to a Watson
Marlowmultichannel peristatic pumpwas placed into the flume, in
front of the vectrinos, at specific times to collect fluid samples. The
array sat 4 cm up from the bed and siphoned over 45 cm up
through the saline density current and the ambient fluid. The
siphon tubes were 3 mm in diameter. Samples consisting of 24
measurement points were taken every 7 min over 2-min intervals.
After each collection, the siphon array was removed from the
channel while the peristaltic pump remained on. Twenty-four
peristaltic pipes, each 7 m long, connected each siphon channel
to the sample collection pots outside of the TES. It took 5 min for
the collected sample to pass through the piping. This offset timing
meant that first samples were collected 5 min after the experiment
had started, whilst the last samples were collected in pots 5 min

FIGURE 1 | Experimental set up.

TABLE 1 | Experimental parameters and characteristics of the plastic sediment that was used for the channel substrate used in each experiment.

Current Saline density (kg m−3) 1,060

Slope (degrees) 3 0.7
Experiment 1 2 3 4 5
Flow state Steady flow Unsteady slowing flow Steady flow Unsteady

slowing flow
Steady flow

Flow rate (start) (l/s) 1.5 2 1.5 2 3
Flow rate (end) (l/s) 1.5 1 1.5 1 3
Experimental run time (min) 45 45 40 45 25
Frd 2.6 2.8 (start) 1.2 (End) 0.7 0.8 (start) 0.8

(End)
0.87

Criticality Supercritical Supercritical Subcritical Subcritical Subcritical

Substrate sediment density (kg m−3) 1,500

Substrate grainsize
distribution (μm)

d10 d20 d50 d80 d90

286 327 427 563 649

Densimetric Froude number (Frd) calculation shown in Eq. 1.
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after the experiment had ended. Velocity data collected during
siphoning was discarded. Siphon sample density and temperature
measurements were collected using a handheld Anton Paar density
meter (Model: DMA 35 Basic). These results were recorded within
45min of their collection to ensure no significant temperature
change or evaporation took place that might have affected the
density reading.

To collect bedform development data, four underwater GoPro
cameras were positioned inside the large tank facing different
sections of the interior submerged channel, fixed at bed level
height. Each GoPro had a field of view of 2.5 m.

Experimental Parameters
Five experiments were carried out. Both the density of the saline
current and the sediment size used for the channel substrate
remained constant. The discharge flow rate and slope were varied.
Table 1 shows the experimental parameters for each run and
details the properties of the plastic sediment that was used for the
sediment bed of the flume. This material was chosen as it is coarse
enough for the development of a range of bedform types and has a
low enough density to enable sediment transport.

The finite amount of saline solution stored in the four
reservoirs meant that Experiments 1–4, which were carried out
with a discharge between 1 and 2 l/s, had a run time of
approximately 40–45 min. At times the pipe that extracted the
saline solution from the reservoirs was positioned within a deeper
hollow of the irregular base of the reservoir. This resulted in
minor variations in total experimental run time between
experiments. Experiment 5 was carried out under faster
discharge flow rates (3 l/s) and as such the experimental run
time was shorter at 25 min.

The Froude number (Fr) is commonly used to predict the type
of bedforms that are likely to develop in association with a
particular flow regime. By determining the celerity of a surface
wave in relation to the velocity of the current, flows can be
recognized as being either subcritical (Fr < 1), supercritical
(Fr > 1) or critical (Fr � 1) (Baines, 1998). Under subcritical
conditions, surface waves can move both upstream and
downstream as celerity is slower than the flowrate. In
supercritical flow, surface waves can only move downstream as
celerity is faster than the flow rate. This has proven an effective
measure to estimate the criticality of un-stratified open channel
flows, in which depth averaged measures of current velocity and
density may be used to accurately represent the current. However,
Baines (1998), Thorpe (2010), Thorpe and Li (2014), Waltham
(2004), Huang et al. (2009), Dorrell et al. (2014), and Dorrell et al.
(2016) all recognize that for stratified flows such as turbidity
currents, the use of Froude numbers based on depth averaged
values can be problematic. This is because the non-uniformity of
a current’s density profile influences wave celerity (Baines, 1998;
Waltham, 2004; Thorpe, 2010; Thorpe and Li, 2014; Dorrell et al.,
2014; Dorrell et al. 2016). It follows that different parts of the flow
might have different effective Froude numbers (Dorrell et al.,
2016).

Nevertheless, the densimetric Froude number (Frd ; Eq. 1)
(Fedele et al., 2016; Koller et al., 2017; Koller et al., 2019) is
commonly used to characterize density currents which, although

it takes into account reduced gravity, is still calculated on a depth
averaged basis. For such experiments, critical conditions are
nominally assumed to be achieved at Frd � 1. Frd was
calculated for the lower denser layer of the flow within which
all bedform development took place. The surface of the lower
denser layer corresponds closely with the height of the velocity
maximum, the interface of the lower denser layer with the upper
less dense layer of the current is identifiable in density profiles and
in photographs and videos taken throughout the experiments as it
was dyed pink for current visualization. The lower layer of the
current is the least stratified part of the flow for which bulk
Froude number calculations will be most accurate.

Frd � U�����
ρ − ρa
ρa

√
gH

(1)

where U is the average velocity of the lower layer of the density
current (m s−1), ρ is the current density, ρa is the ambient water
density (considered as 998.2 kg m−3), g is gravity (9.8 m s−2) and
H is the mean height of the lower layer of the density current (m),
measured every 5–6 min and averaged over the course of the run.
Measurements of the flow velocity profile in this study did not
cover the entire range of the lower layer of the current. Therefore,
to obtain the layer-averaged flow velocity, the velocity profile was
interpolated and extrapolated using the shear velocity (Eq. 2,
below) and the height of the lower layer of the flow recorded
throughout each experiment (assuming that the velocity profile in
the lower layer obeys the logarithmic law of the wall). Then, the
velocity profile was integrated to calculate the average velocity of
the lower layer of the density current. Table 1 outlines the time-
averaged Froude numbers associated with each experiment.
Experiments carried out upon the steeper 3° slope were
supercritical and experiments carried out upon the shallower
0.7° slope experienced subcritical flow, according to bulk Frd
definitions calculated for the lower part of the flow. Figure 2
shows the interpolated velocity profiles based on shear velocity
calculations for the lower layer of each density current. For steady
flow experiments, shear velocity was time-averaged over the
whole run. For unsteady flows, shear velocity was time-
averaged over 5-min intervals.

Data Processing
The velocity data was filtered (2SD from a moving mean) to
remove any noise and outliers from the dataset. This velocity data
was then used to calculate the near bed shear velocity (up; Eq. 2),
assuming the flow followed a standard logarithmic profile away
from both the near-bed boundary layer and internal velocity
maximum (Petrie and Diplas, 2015). The velocity profile was
fitted over 0.01–0.02 m away from the bed in order to avoid both
the near-bed viscous sublayer and the velocity maximum where
the profile may deviate from the logarithmic form.

u � up
K

log( z
z0
) (2)

The shear velocity is given by the gradient of the velocity profile,
where u is the velocity of the density current (m s−1), K is the von
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Kármán constant (taken as 0.41), z is the height above the bed and
z0 is the height above the bed where flow velocity is zero. As
previously stated, shear velocity calculations are used in the
estimation of the average velocity of the lower layer of the
density currents. Shear velocity calculations were also done in
association with dunes and ripples to help distinguish between
them (Fedele et al., 2016 use shear stress to distinguish ripples and
dunes). For ripples, shear velocity was calculated and averaged
over the course of Experiment 3 during which ripples were the
stable bedform. Shear velocity measurements associated with
dunes were recorded over a shorter period during the last
5 min of Experiments 4 and 5 as dunes developed.

Analysis of Bedform Dimensions
Videos were taken throughout each experiment to capture
bedform dynamics. Images were edited to remove the barrel
lens distortion effect. Image processing software (Image J) was

used to obtain five x and y coordinates for each bedform: the
upstream and downstream bedform troughs, and the crest and
mid points of the stoss and lee slopes (Figure 3). Bedform
wavelength was calculated by taking the upstream trough from
the downstream trough (x5−x1 � wavelength). Bedform height
was recorded by taking the downstream trough from the crest
(y3− y1 � height).

Drag Coefficient
The drag coefficient (Cd) associated with different types of
bedform development was estimated (Eq. 3) for the duration
of each experiment.

Cd u2 � up2 (3)

u is the bulk flow velocity for the lower layer of the flow as used by
Dorrell et al. (2016). The total drag corresponds to the bed
interface only (as the shear at the velocity maximum is zero);

FIGURE 2 | Experiments 1–5 (A–E), interpolated velocity profiles based on shear velocity calculations for the lower layer of each density current. For steady flow
experiments, shear velocity was time-averaged over the whole run. For unsteady flows, shear velocity was time-averaged over 5-min intervals.

FIGURE 3 | Schematic diagram of asymmetric bedforms. The red points depict the locations the x, y coordinates were recorded on each bedform.
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FIGURE 4 | Vertical concentration profiles averaged over 2–3 min. The black dashed line denotes the height of the interface between upper and lower denser layer
and the red crosses attribute this point to specific profiles, depicting the constant height of the interface throughout the run. Experiments 2 and 4 are waning currents, the
red triangles mark the change in height of the upper surface of the current with the ambient fluid over time. They depict the gradual reduction in height as the flow is
slowed. Plot (F) shows average density profiles for each run based on available data in (A–E). Experiments 1–5 correspond to plots (A–E), respectively.
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the entrainment drag for the upper layer of the current is not
included as all bedform development took place within the lower
denser layer of the flow.

RESULTS

Current Density
Figures 4A–E show the density profiles measured for each
experiment. Figure 4F compares the average density profiles
for each experiment. Concentration measurements were not
retrieved from the lower 4 cm of the density current, due to
the practicalities of suspending the siphon over the channel. It is
assumed that densities close to 1,060 kg m−3 were reached in this
region, as the flow close to the bed experiences virtually no flow
dilution due to upper boundary entrainment.

The experiments resolved a lower layer in the flow, situated
just below the velocity maximum that is denser than the upper
layer of the current. Whilst a saline flow is used in the
experiments that experiences no inherent stratification from
sedimentation, the less dense upper layer is driven by the

entrainment of ambient water. To better understand the
structure of the current, the bottom layer was dyed red during
each run to enable visualization of flow interaction with the bed.
Figures 4A–F record the lower denser layer of the flow - the
dashed lines on the density profiles depict the position of its upper
surface. Experiments carried out on the steeper 3° slope have
thinner bottom denser layers, with the surface of the denser layer
situated 3–5 cm above the bed. On the shallower 0.7° slope, the
bottom denser layer is thicker, with the surface situated 10–15 cm
above the bed. Slope therefore appears to be the most significant
control on bottom layer thickness, via the development of an
associated flow regime; thinner flows are associated with
supercritical fast flowing conditions and thicker flows with
subcritical, lower flow velocities. Very little mixing appears to
take place across the interface between the dense lower layer and
the mixing region above. This is evident in Figure 4 where the
density profiles show an abrupt transition from the bottom
denser layer into the mixing region. This transition is most
abrupt for supercritical flows.

Figure 4 also shows how density profiles change with time
during runs with steady discharge flow rates (Experiments 1, 3,

FIGURE 5 |Contour plots of the downstream velocity component throughout Experiments 1 (supercritical steady flow) (A) and 2 (supercritical waning flow) (B). The
dashed red lines identify the height of the upper surface of the lower denser layer of the density current. The black dots indicate the height of the substrate beneath the
vectrino. (C) Contour plot of the downstream velocity component throughout Experiment 4 (subcritical waning flow), recorded within the bottom dense layer of the flow.
Velocity measured between 0–18 and 33–43 min was recorded by vectrino one which was positioned higher above the bed. Velocity measured between 18 and
44 min was recorded by vectrino 2, positioned lower in the flow. The red dots indicate the height of the substrate beneath vectrino one and the black crosses indicate the
height of the substrate beneath vectrino 2.
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and 5) compared to runs with waning discharge flow rates
(Experiments 2 and 4). The steady runs are characterized by
relatively constant density values throughout the experiment,
whereas in unsteady runs concentrations higher up in the flow
progressively decrease as discharge flow rates reduce. Figures
4B,D show a reduction in height of the boundary between the
density current and the ambient water over time (identified by red
triangle markers). However, despite a reduction in the overall
height of the density current, it is notable that the slowing
discharge flow rate was not associated with any change in the
thickness of the denser bottom layer, which remained relatively
constant. This observation will be explored further within the
Discussion section.

Flow Velocity
Figures 5A,B presents the velocity data recorded throughout
Experiments 1 and 2. (For Experiments 3–5, the velocity data did
not record the velocity maximum, which was situated just above
the measurement window). Figure 5 also plots the top of the bed
and the height of the upper surface of the lower denser layer of
the current, which under supercritical flow was in-phase with the
bed. The height of the surface of this lower denser layer is
determined using the density profiles (Figure 4), photographs
and videos taken throughout the experiments, all of which record
the bottom denser layer. In both Figures 5A,B, the height of the
velocity maximum either aligns with, or closely corresponds to,
the height of the upper surface of the lower denser layer of the

current. In Figure 5A, between 15 and 24 min the velocity
maximum slightly decreases due to the vectrino being
temporarily situated in a bedform trough where the flow is
slowed. Figure 5B also shows an overall decrease in the
velocity maximum between the start of the run (0–7 min)
compared to near the end of the run. This is attributed to
increased frictional drag as bedforms have become established
upon the bed, whereas between 0 and 7 min (at the point where
velocity data was being collected) bedform development had not
started.

Figure 5C depicts how velocity changed throughout
Experiment 4. Unlike Experiments 1 and 2, the velocity
maximum was not recorded. However, Figure 5C shows that
despite the discharge flow rate slowing over the course of the run,
the velocity within the bottom layer of the current appears to
maintain a relatively steady velocity throughout the run, while the
upper layer of the flow wanes (Figure 4D).

Bedforms
Most of the substrate material was carried as bedload and some of
the sediment was observed to be transported as suspended load. A
variety of bedforms developed during experiments, including
ripples, dunes, downstream migrating antidunes and long
wavelength antidunes. Figure 6 shows a timeline of bedform
development for each experiment, the associated drag coefficient
change and the ratio between bedform wavelength and height of
the lower layer of the current.

FIGURE 6 | (A) Ratio between bedform wavelength and the height of the lower layer of the current. (C) Bedform development timeline for Experiments 1–5 (DSMA,
downstream migrating antidunes; LWA, long wavelength antidunes) and (B) the associated drag coefficient change.
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As noted previously, bedforms were classified according to
the phase relationship of bedforms with the current interface.
Bedforms developed within a lower denser layer within the
current, and as such bedform phase relationship was
determined with respect to the upper surface of the lower
dense layer of currents (not the top of the current). To
support the results of the phase-relationship method,
bedform dimensional data was collected to further help
distinguish ripples from dunes. Bedform dimensional data
are shown in Figure 7.

Subcritical Bedforms
Ripples formed at the start of each run, except for Experiment 2
where long wavelength antidunes formed immediately due to fast
supercritical conditions. Usually, ripple development preceded
the development of larger bedforms. Bedforms developed as small
incipient ripples with wave heights and lengths <1 cm, gradually
increasing in size to reach maximum heights and lengths of 3.5
and 21 cm, respectively (Figure 7). Ripples were asymmetric and
on reaching heights of 2–3 cm, small separations zones with
recirculation cells downstream of the bedform crest could be
observed (cf. Baas, 1994). Figures 8A,C show photos of typical
ripples having no effect on the upper surface of the lower denser
layer of the current. Both the low drag coefficient calculated
throughout Experiment 3 and the ratio between bedform
wavelength and height of the lower layer of the current that
remains mainly below 1 (Figure 6), show that ripples formed in
Experiment 3 impart the least drag on the flow.

Dunes formed on the shallower 0.7° slope under subcritical
flow regimes in both Experiments 4 and 5. Under steady state flow
in Experiment 5; dunes developed gradually over 25 min
(Figure 9). Over the course of the run, ripples evolved into

dunes via steady ripple growth and by two or more ripples
merging to form larger dunes. Although dunes were
established toward the end of Experiment 5, it was not
possible to observe their continued development due to
limitations on the duration of the experiment.

Unlike the ripples in Figures 8A,B, shows the out-of-phase
interaction of dune bedforms with the upper surface of the lower
denser layer. Figure 6 shows that during Experiments 4 and 5, the
ratio between bedform wavelength and the height of the lower
layer of the current increases just above 1 with the onset of dune
development at 30–32 min (Experiment 4) and 22 min
(Experiment 5). Figure 6 also shows a simultaneous slight
increase in drag with the onset of dune formation. This is
evidence that dunes are beginning to obstruct the flow.

The calculated shear velocity values associated with dunes
(0.043–0.05 m s−1) were larger compared to ripples
(0.03–0.037 m s−1). Greater shear velocities lead to increased
sediment transport associated with dunes compared to
ripples. Therefore, it was observed that dune bedforms
experienced stronger zones of flow separation from the
bedform crest transporting more sediment downstream onto
the following bedform. Figure 7 also shows that ripples and
dunes have separate dimensional fields. Although the differences
between these two fields is small, when this approach is
considered in support of the bedform phase-relationship
method, it can be concluded that there is a strong case both
to identify and to distinguish the ripples and dunes developed in
these experiments.

Experiment 4 entailed a slowing discharge flow rate over a
shallow 0.7° slope where subcritical conditions prevailed. It was
expected that as the discharge flow rate slowed the bedforms
would reduce in size. However, the bedforms in Experiment 4
gradually increased in size and grew steadily (Figure 9), forming
an out-of-phase dune bedforms toward the end of the run despite
the slowing current.

Interestingly, dunes also formed on the steeper 3° slope under
supercritical conditions (Experiment 2, waning current), in this
case superimposed upon the long wavelength antidunes that
formed at the start of the experiment when the discharge flow
rate was fastest. An example is shown in Figure 10, where the
superimposed dunes are out-of-phase with the upper surface of
the lower layer of the current, as highlighted by the dotted line.

Supercritical Bedforms
Under supercritical conditions, long wavelength antidunes and
downstream migrating antidunes formed. Downstream
migrating antidunes were formed only on the steeper 3° slopes
in both Experiments 1 and 2 where supercritical flow prevailed.
Downstream migrating antidunes are characterized by their clear
in-phase relationship with the upper surface of the denser lower
interval within the density current (Figure 11A). They were
observed to form initially as small (1–2 cm high and 15–25 cm
wavelength) symmetrical forms that migrated slowly
downstream. As the bed reached equilibrium they developed
into larger and sometimes asymmetric downstream migrating
forms, reaching maximum heights of 3.5 cm and maximum
wavelengths of 42 cm (Figure 7). They always remained in-

FIGURE 7 | Bedform dimensions (data from all experiments).
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FIGURE 8 | Bedform current interaction. Two layers can be recognized in the density current: the lower denser layer of the density current is dyed red/pink, the
upper surface of the lower denser layer is indicated by a yellow dotted line. The current interface with ambient water is indicated by a solid yellow line. Direction of flow is
indicated by an arrow in each photograph. (A) There is no interaction between ripples and the lower layer upper surface (Experiment 3). (B) Dune bedforms formed
toward the end of Experiment 5. The dunes are out-of-phase with the upper surface of the lower layer. From photo (A) it is hard to determine the height of the upper
surface of the current. (C) is taken from another flume angle during Experiment 3 in which the upper surface of the current can be distinguished.

FIGURE 9 | Average height and wavelength of bedforms measured every 30 s in a 2-m-wide window located 4–6 m from the upstream end of channel. (A)
Bedform wavelength. (B) Bedform height. Steady flow experiments depicted by dashed lines. Waning flow experiments depicted by solid lines.

Frontiers in Earth Science | www.frontiersin.org October 2020 | Volume 8 | Article 53574311

de Cala et al. Saline Density Current Bedform Development

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


phase with the lower denser interval surface. Under the steady
flow conditions of Experiment 1, downstream migrating
antidunes appeared to be the stable bedform. In Experiment 2,
under a slowing current, long wavelength antidunes formed at the
start of the run when flow was faster, transitioning to downstream
migrating antidunes as the flow decelerated.

Long wavelength antidunes formed only on the steeper 3° slope,
under supercritical conditions, during Experiment 2. Under these
fast-flowing conditions, higher shear velocities (cf. 0.07m s−1) and
resulting high sediment transport rates, long wavelength antidunes
were established rapidly across the bed. They reached wavelengths
of up to 100 cm, heights of 7 cm and were in-phase with the upper

surface of the lower layer of the current, as shown in Figure 11B.
They had symmetrical sinuous morphologies, rounded crests and
migrated very slowly upstream or were stationary. At the start of the
run the long wavelength antidunes dominated the bed. As the
discharge flow rate was slowed it encouraged the development of
smaller downstream migrating antidunes that partially reworked
the long wavelength antidune bedforms (Figure 11C).

Figure 6 shows that in both Experiments 1 and 2 the ratio
between bedform wavelength and height of the lower layer of the
flow have a ratio much larger than 1. As such the current will just
follow a variably sloped bed rather than bedforms impeding
the flow.

FIGURE 10 | Superimposed dunes upon the relict remains of a long wavelength antidune (Experiment 2). The dotted line depicts the upper surface of the lower
denser layer. The solid line depicts the approximate height of the current interface with the ambient fluid (based on Figure 4B). Flow is from right to left (arrow). The
superimposed dunes interact with this upper surface in an out-of-phase manner. Mixing between the lower and upper layers of the flow can be observed; the upper layer
has become light pink.

FIGURE 11 | (A) Experiment 1: Example of the in phase, downstream migrating antidunes formed under steady flow conditions. The yellow dotted line defines the
upper surface of the lower denser layer of the current. (B) Experiment 2: Example of a long wavelength antidune. It is in phase with the upper surface of the lower denser
layer of the current (dyed pink). (C) Partial re-working of the long wavelength antidune. Flow is from right to left in all photos (arrows).
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DISCUSSION

Bedform Development Under Steady Flows
Under steady flows, bedform development was gradual
regardless of the current’s criticality. This development or
lag stage is interpreted as the bed gradually establishing
equilibrium with the current (Sequeiros et al., 2010). In
Experiment 5, dune bedforms formed toward the end of the
run. This took place via the gradual growth and coalescence of
ripples that saw the gradual reduction in the number of smaller
forms upon the bed (cf. Raudkivi and Witte, 1990). As
previously stated, the length of Experiment 5 was shorter
due to the faster discharge flow rate. However, it can be
speculated that, had the run been longer, dunes would have
established themselves across the entire bed, becoming the
prevalent stable bedform. Eventually, bedforms became large
enough to alter the hydrodynamic relationship between the
bed and current due to increased turbulence associated with
the onset of dune bedform development.

Under the steady supercritical flow conditions of Experiment 1,
downstream migrating antidunes formed (as in Fedele et al.
(2016)). Due to the faster velocities and higher degrees of
turbulence associated with supercritical conditions, they
developed and became established upon the bed (within the
first 5 min of the run) as the equilibrium bedform (Figure 6).
These bedforms have been defined as downstream migrating
antidunes, rather than dunes or washed out dunes, because they
are determined to have formed under different formative processes
compared to dune bedforms formed under subcritical flows.
Subcritical dunes form independently of the flow interface and
will grow gradually, or via the coalescence of smaller ripple forms,
until they become large enough to impart a greater level of
turbulence throughout the flow (compared to ripples). If the
flow is sufficiently shallow (as in these experiments), the dunes
can force the upper surface of the lower denser layer of the flow into
an out-of-phase relationship. By way of contrast, supercritical
bedform development is entirely dependent on the flow
interface: the bed establishes its form and behavior due to the
interaction of the surface waves that propagate at the flow interface
under supercritical conditions with the bed (McLean, 1990;
Fourrière et al., 2010). The bed is influenced and shaped by the
action of the surface waves upon the mobile substrate so that it is
transformed to their shape. As a result, the resulting (antidune)
bedforms are in-phase with the flow interface. The clear in-phase
relationship of downstream migrating antidunes with the interface
of the lower denser layer of the current can be seen in Figure 11A.
Bedform dimensions in Experiment 1 remained relatively constant
in both height and wavelength throughout the run (Figure 9).

Bedform Development Under Waning
Flows: Maintenance of Flow Conditions in
the Lower Layer of the Density Current
Dunes formed during Experiment 4 in a similar manner to
Experiment 5. Early-formed ripples gradually increased in
height and wavelength by coalescence to finally form dunes
toward the end of the experiment. An explanation is required

to account for how bedform dimensions may have increased
despite forming beneath a current set up to have a waning
discharge flow rate. This may be because the waning of the
flow is not sufficient to prevent the growth of bedform
dimensions that occurs as the bed progressively establishes
equilibrium with the flow (albeit in this case with a presumed
equilibrium state that is itself progressively changing).
Alternatively, data suggests that unlike the upper layer of the
flow, the lower dense layer does not wane. This mechanism is
discussed below.

Investigations into saline density current stratification have
been carried out by Dorrell et al. (2019), who studied saline
underflows in the Black Sea, and by Sequeiros et al. (2010) under
experimental conditions. As is the case in the present experiments
and in Fedele et al. (2016), the development of a dense basal layer
is described, evident in vertical density profiles. An upward
transition to less dense flow at or near the height of maximum
flow velocity is also observed. Dorrell et al. (2019) attribute the
development of a two-layered flow to the current’s interaction
with bedforms. Bedforms increase the turbulence through the
water column. The resulting increased vertical fluid motion
causes the development of boundary-induced internal gravity
waves that create unstable flow conditions, resulting in the
formation of an eddy transport barrier at the height of the
velocity maximum that prohibits mixing between the upper
and lower layers of the current. Dorrell et al. (2019) further
explain that as a result, the current concentration andmomentum
are maintained within the lower layer. In the experiments
described here, a similar density profile was developed during
Experiment 4 (Figure 4D). It is notable that the density profile of
the basal layer remained a constant thickness throughout the
experiment (highlighted by red crosses, Figure 4D); the reduction
in discharge flow rate appears to have been principally
experienced in the upper region of the current as Figure 4D
shows a progressive thinning of the upper layer of the flow as the
current slowed. Figure 5C shows that velocity measured in the
bottom denser layer of the flow does not respond to Experiment
4’s reducing input flow rate. This maintenance of flow velocity in
the lower layer of the current may have enabled and sustained
dune formative conditions. Both Winterwerp et al. (1992) and
Paull et al. (2018) explain that bedform development and
dimensions may be controlled by properties of a near-bed
dense layer within the density current. Although it is not
observed within the timeframe of the present experiments, it is
suggested that as the upper layer continues to wane it will
completely diminish. It is hypothesized that breaking of
internal gravity waves at the interface between the upper and
lower layers of the flow results in momentum absorption at the
interface. This causes the interface to act as an energy sink that
eventually causes the collapse of the upper layer of the flow.

While it is acknowledged that there are limitations in
representing and scaling the stratification of natural sediment-
laden density currents using experimental saline density currents,
there are few other techniques to simulate bedform development in
low density flows. The two-layered flow described here and by
Dorrell et al. (2019) is thought applicable to sediment laden density
flows as the same formative mechanisms apply. Due to the effects of
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internal gravity waves within the current and anti-diffuse mixing
within the lower layer, the stratification within the lower layer of a
sediment laden density current is reduced. It is therefore suggested
by Dorrell et al. (2019) that saline density flows might be a good
proxy for low density turbidity currents. Further, Cartigny and
Postma (2017) investigate how sediment concentration in the dense
basal layer of turbidity currents might alter bedform development.
Their phase diagrams depict the potential for subcritical bedform
development in the form of ripples and dunes forming under low
density turbidity currents. However, they also explain that high
density currents will suppress turbulence in the lower region of the
flow, preventing subcritical bedform development (Paull et al.,
2018), which is reliant on turbulent flow for their formation.
Therefore, the results presented here may only relate to low
density turbidity currents. Further, it is recognized that Luchi
et al. (2018) have also postulated two-layer sediment gravity
flows. However, these have only been established for statistically
steady flows, which are unlikely to be realized in the real world due
to the effects of bedform and current interaction, spatial changes
and channel geometry, etc.

Influence of Pre-Existing Bed State
Under supercritical waning flow conditions long wavelength
antidunes were initially formed (Experiment 2; Figure 11B).
As the discharge flow rate was reduced current conditions no
longer supported their formation and the long wavelength
antidunes began to be re-worked and modified (Figure 11C).
However, their large forms were not entirely reworked, leaving
relict long wavelength antidunes as a dominant feature upon the
bed. These relict forms created obstructions to the flow
contributing to the continuously slowing current by locally
producing increased vertical flow movement and turbulent
stresses. This led to an increase in mixing between the upper
layer and lower layer of the flow. This is evident in Figure 10

where the red dye used to color the lower layer of the flow can be
seen to have mixed with the more dilute upper layer of the flow. It
is inferred that the combination of increased turbulence and
reduced current velocity associated presence of the relict bed
forms meant that locally the flow met dune forming conditions
allowing dunes to form, superimposed upon the relict antidunes.

In Experiment 2, partially reworked relict bedforms influenced
local flow conditions so that subcritical dune forms were able to
develop within a supercritical regime. Therefore, the presence of
previously established bedforms should be considered when
predicting the types of new bedform that might develop under
certain flow regimes. It follows that the relationship between
bedform evolution and flow characteristics may be dependent on
the flow history and is therefore non-unique (Osborne and Vincent,
1993; Austen et al., 2007; Huntley et al., 2008, Huntley and Coco,
2009; Martin and Jerolmack, 2013). For example, Colman (1969),
Allen (1973), Baas (1994), and Kostaschuk and Villard (1996)
describe a delay in how bedforms respond to changes in flow
conditions, resulting in bedform hierarchies that adjust differently
depending on their size. Alternatively, change in flow conditions
might occur faster than bedforms can adjust (Paarlberg et al., 2010).
Due to the variety of ways a bed might respond to pre-existing
conditions, and the fact most experimental and modeling work
focuses on bedform development starting from an initially flat bed
(Huntley and Coco, 2009; Martin and Jerolmack, 2013),
documentation of the nature of this dependence is incomplete.
The present experiments resolve another way in which pre-existing
bed morphology (relict long wavelength antidunes) can influence
subsequent bedform development under density currents, as dune
formative conditions weremet when current conditions were locally
altered in association with the relict forms.

The trajectory and rate of passage of individual flows through
different bedform phase spaces are not considered in either open
channel flow bedform phase diagrams, like that of Van den Berg

FIGURE 12 |Conceptual phase diagramwith a third axis for time, depicting how a bed under steady conditions might evolve (based on Experiment 5), compared to
bedforms under a waning current (based on Experiment 2).
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and Van Gelder’s (2009), or the new bedform phase diagram for
density currents of Fedele et al. (2016). It is clear there are
ramifications for the reliability of bedform phase diagrams to
make accurate predictions of bedform development; the speed
and direction at which currents pass through different bedform
phase spaces should be considered.

Under dis-equilibrium conditions during a gradually waning
flow, there are many ways in which a bed could conceivably
evolve under a waning current. In the single example presented in
Experiment 2, bedform evolution is influenced by the inability of
the waning current to fully re-work the initial large antidune
bedforms which, as previously described, led to the development
of subcritical dunes under prevailing supercritical conditions.

Figure 12 depicts a simple conceptual representation of a
phase diagram that considers time as well as flow conditions and
grainsize. While Experiment 2 by itself does not provide total
understanding of bedform evolution under waning currents, it
does highlight the added complexities involved in bedform
prediction under waning flows. Further research is needed not
only into how bedforms evolve under waning currents, but also
into how the rate of current waning impacts bedform
development.

Phase Diagram Analysis of New Data
Bedforms that developed under steady flows, plus long
wavelength antidunes (which formed at the start of
Experiment 2 as the stable bedform) are plotted onto and
compared with existing phase diagrams including Van den
Berg and Van Gelders’ (2009) phase diagram for open channel
flow and the newly developed bedform phase diagram for density
currents of Fedele et al. (2016).

Phase Diagram for Steady Open Channel
Flow
Results from the present experiments are plotted onto Van den
Berg and Van Gelder’s (2009) adaptation of Van Rijn’s (1984)
dimensionless phase diagram (Figure 13A) which plots the
Particle Parameter (Dp; Eq. 4; Bonnefille, 1963) against the
mobility parameter (θ′; Eq. 5; Van Rijn, 1984). Van Rijn’s
(1984) phase diagram, or variations of it are widely used to
gauge bedform regime boundaries; further, the use of these
dimensionless variables allows comparison between
experimental data collected under different experimental
parameters.

Dp � D50[((ρs/ρa) − 1)gd50
v2

]1/3

(4)

where ] is the kinematic viscosity (m s−2).

θ′ � ρU2(ρs − ρ)(C′)2d50 (5)

where, θ′ is the grain mobility parameter, ρs is the density of the
bed sediment (1,500 kg m3), C′ is the Chézy coefficient and d50 is
the mean grain size (m).

Figure 13A shows that the Van den Berg andVanGelder’s (2009)
phase diagram is only partially accurate in predicting the bedforms
made by the experimental density currents. While the subcritical
bedforms (ripples and dunes) do develop close to, or in the same
defined stability fields, for those bedforms, the supercritical bedforms
(downstream migrating antidunes and long wavelength antidunes)
developed beneath supercritical density flows fall where the phase

FIGURE 13 | Bedforms developed during the present experiments are plotted onto bedform phase diagrams for open-channel and density driven flows. (A) Van
den Berg and Van Gelder’s (2009) dimensionless phase diagram. (B) A modified version of Fedele’s et al. (2016) new bedform phase diagram for density currents:
Particle parameters (D*) were calculated and re-plotted against Frd . The red markers signify bedforms and associated Frd numbers calculated for the lower layer of the
current. Grey markers signify the same bedforms and associated Frd numbers calculated for the entire current.
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diagram predicts transitional bedforms between dunes and upper
stage plane bed should occur. Also, the new data shows that both
supercritical and subcritical bedforms exist within much tighter
regions on the open channel phase diagram compared to the
phase spaces relating to open channel flow bedforms.

Similarly, when plotted on the bedform phase diagram for
density currents proposed by Fedele et al. (2016) the new data
shows that the subcritical ripple bedforms plot in close proximity to
supercritical bedforms, whereas in open channel flows subcritical
bedforms are significantly separated from supercritical bedforms.
Both results from the present experiments and that of Fedele et al.
(2016) indicate that supercritical conditions in density currents are
achieved at much slower velocities compared to open channel
flows. This is due to the effects of reduced gravity (Fedele et al.,
2016). The apparent narrowness of the density current subcritical
bedform stability field could in part explain the rarity of dune
cross-stratification in turbidites.

Phase Diagram for Steady Density Currents
Fedele et al. (2016) produced a new bedform phase diagram for
bedforms formed by density currents. Figure 13B compares the
data collected in this study to a modified version of Fedele’s et al.
(2016) phase diagram, for which the Particle Parameter has been
calculated (Eq. 4). Points in red plot Frd numbers associated with
different types of bedforms calculated for the lower layer of the
flow. However, in order to better compare the present
experimental data with Fedele et al. (2016) who calculated Frd
for the entire current, the grey points in Figure 13B plot the same
bedforms with estimated Frd numbers based on the entire height
of the current.

Figure 13B shows that Frd numbers based on the entire height
of the current plot associated subcritical and supercritical
bedform phase spaces in much closer proximity, compared to
Frd numbers based on the height of the lower layer of the current
(red markers). Fedele et al. (2016) plot dune bedforms as
supercritical when Frd is calculated for the entire height of the
current. This is a notable aspect of Fedele’s et al. (2016) bedform
phase diagram as ripples and dunes extend into supercritical
region of the phase diagram. Ripples and dunes are generally
considered to be subcritical forms that are not stable under
supercritical conditions as the flowrates are far too fast
(Harms and Fahnestosk, 1965; Ashley, 1990; Sun and Parker,
2005; Colombini and Stocchino, 2011; Tilston et al., 2015).
However, Fedele et al. (2016) explain that their experimental
density currents achieved supercritical conditions at much lower
flow velocities compared to open channel flows and the resulting
lower shear stresses and sediment transport rates enabled ripple
and dune development under supercritical conditions. Yet, as
outlined previously, calculating bulk Froude numbers in stratified
flows is known to be problematic (Baines, 1998; Waltham, 2004;
Huang et al., 2009; Thorpe, 2010; Dorrell et al., 2014; Thorpe and
Li, 2014; Dorrell et al., 2016) as there is potential for a range of
critical Froude numbers to be associated with different heights of
the stratified flow (Cartigny et al., 2013; Dorrell et al., 2016). This
suggests that making distinctions between the boundaries that
separate different flow regimes using the bulk Froude number
may be an inaccurate approach. Assignment of bedforms to a

particular flow regime, especially if it lies near the boundary
between two different regimes (as in Fedele et al., 2016), might
lead to misrepresentation of the hydrodynamic conditions that
generated them.

It is suggested that it is more accurate to associate bedforms
with bulk Froude number calculations for the less stratified
lower layer of the flow in which all bedform development took
place in both the present experiments and in the experiments
carried out by Fedele et al. (2016). Results from the present
experiments that calculate Frd for the lower layer of the current
(Figure 13B, red markers) plot both dunes and ripples within
the subcritical region of the phase diagram.

Figure 13B shows that subcritical dunes and downstream
migrating antidunes are also discontinuous in Froude number,
allowing some refinement of the phase space associated with
subcritical bedforms. Figure 13B also allows further
refinement of the long wavelength antidunes phase space.
Long wavelength antidunes were the stable bedform at the
start of Experiment 2, results (based on the Frd calculation of
the lower layer) suggest that the long wavelength antidune
phase space should reflect their potential development in
larger grain sizes than depicted by Fedele et al. (2016).

CONCLUSIONS

This paper reports on a series of experiments investigating the
controls on bedform development and maintenance under both
steady and waning saline density currents.
This work shows that

1. Bedforms developed within a lower denser layer of density
currents, whose dynamics dictated the bedform type.

2. Distinctions can be made between subcritical bedforms
(ripples and dunes) and supercritical bedforms
(downstream migrating antidunes and long wavelength
antidunes), via an effective bedform classification method
based on the phase relationship of bedforms with the
upper surface of the lower layer of the current.

3. It is critical to adopt an appropriate Froude number
calculation method for stratified flow in order to establish a
reliable quantitative link between the flow regime and the type
of bedform development.

4. It is evident that the reduced gravity experienced by the saline
density currents enabled supercritical conditions to be achieved
at slower flow rates than is the case for open channel flow.

5. Pre-existing bed states may exert a first-order influence on
subsequent bedform development regardless of the nominal
flow regime. It is proposed that this effect, which is not
captured by current phase diagram designs, is recognized
as a new control on bedform development.
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