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ABSTRACT

Bedforms in rivers have been extensively studied for decades. Turbidite outcrops also display bedforms emplaced
subaqueously by turbidity currents. Recent breakthroughs in the attainable resolution of deep underwater
bathymetric/seismic mapping have revealed that bedforms in submarine environments may be as widespread
and diverse as those associated with fluvial flows. Turbidity currents that emplace subaqueous bedforms run
down submarine canyons, traverse and overflow leveed channels on submarine fans, or manifest themselves as
sheet turbidity currents along continental margins. Submarine bedforms present features that appear to be
analogous to their fluvial counterparts. Submarine bedforms have traditionally been interpreted with the use of
tools, and in particular phase diagrams, that were developed solely for fluvial bedforms. The use of such tools is
motivated by the fact that simultaneous observation of the bedforms as they evolve in the field and the turbidity
currents that create them remains at the edge of present capabilities. We fill this gap in part with a technique that
has been successfully implemented for fluvial bedforms, i.e. experimentation. We present observations of bed-
forms emplaced by saline and turbidity currents in laboratory flumes. The experimental flows span a wide range
of densimetric Froude numbers, including both subcritical and supercritical regimes, and produced various
bedform types including subcritical and supercritical-regime ripples/dunes, upstream-migrating and
downstream-migrating antidunes, and cyclic steps. We have gathered a comprehensive set of fluvial and sub-
marine field bedforms worldwide from multiple environments including submarine canyons, levees, slopes, and
fans; some of which include associated flow observations. The data are summarized in a set of bedform di-
mensions and regime diagrams, which are applicable to saline and/or turbidity currents, and generally to any
down-slope moving bottom flow. The regimes for submarine bedforms show both similarities and differences
with fluvial regimes. Our diagrams and guidelines constitute a new tool for the interpretation of field-scale
bedforms generated by turbidity currents.
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1. Introduction
1.1. Background
Alluvial river flows sculpt a wide variety of sedimentary bedforms.

These bedforms are in some cases optically observable in the field as
they interact with the flow (e.g., Mohrig and Smith, 1996) and can often

be imaged using acoustic techniques such as multibeam sonar (e.g.,
Parsons et al., 2005; Best, 2005; Nittrouer et al., 2008). They can also be
created and studied in the laboratory under controlled conditions (e.g.,
Gilbert, 1914; Guy et al., 1966; Coleman and Melville, 1994; Coleman
et al., 2003).

A free-surface or open-channel flow can be a river or a flume. We use
the encompassing term “fluvial” to refer to these flows. Laboratory data
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on fluvial bedforms have been used to construct phase diagrams that
indicate regimes for and/or characteristics of each type of bedform or
bed state (e.g., Vanoni, 1974; Middleton and Southard, 1984). These
regime diagrams and related bedform predictors have been extended
using field data (e.g., van den Berg and van Gelder, 1993; Julien and
Klaassen, 1995). They have proved valuable for the reconstruction of
paleoflows from the sedimentary structures observed in cores and out-
crops, where the bedforms can be identified but little direct information
is available about the flows that created them (e.g., Middleton and
Southard, 1984; Southard and Boguchwal, 1990; Ashley, 1990).

In the laboratory, turbidity currents and saline underflows passing
over erodible beds appear to be capable of producing all the bedform
types seen in rivers (e.g., Garcia and Parker, 1993; Parker et al., 1987;
Imran et al., 2002; Kostic and Parker, 2003; Straub et al., 2008;
Sequeiros et al., 2009, 2010a, 2010b, 2018; Spinewine et al., 2009,
2010; Fedele and Garcia, 2009; Fedele et al., 2009, 2011, 2016; Koller,
2020; Koller et al., 2017, 2019, 2022; de Cala et al., 2020; Ono et al.,
2023; Ohata et al., 2023; Maggi et al., 2024).

Contemporaneous field observations of turbidity currents and asso-
ciated bedforms, however, are recent, rare, and only in a few cases
observed strictly at the same time (e.g., Monterey Canyon: Xu et al.,
2004, 2008, 2014; Xu, 2010; Paull et al., 2010, 2011; Squamish Pro-
delta: Hughes Clarke, 2016; Hage et al., 2018; Fraser Delta: Hill, 2012;
Lintern et al., 2016; Hill and Lintern, 2022; Bute Inlet: Zeng et al., 1991,
Heijnen et al., 2020, Chen et al., 2021). Although bedforms associated
with turbidity currents have been observed in laboratory studies as well
as the field, the delineation of regime diagrams equivalent to those
available for fluvial bedforms has remained elusive. As a result, re-
searchers have had to rely on the direct application of results from the
fluvial setting, including phase diagrams, assuming that the flow pa-
rameters are equivalent, to interpret paleoflow characteristics from the
structure of turbidite outcrops (e.g., Komar, 1985; Allen, 1991; Endo and
Masuda, 1997; Baas et al., 2000; Xu et al., 2008). The basis for this
application consists of plausible analogies which are nevertheless lack-
ing in specific physical justification. Indeed, Komar (1985) made the
following observation: “There is the possibility that the bedform phase
diagrams such as Allen (1982) are inappropriate to the present analysis
of turbidites.” Relatively little has been done since then to remedy this
state of affairs, the main exceptions being Cartigny et al. (2014), and
Fedele et al. (2016). Fedele et al. (2016) highlighted the existence of
supercritical-regime dunes, a type of bedform observed in flume density
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currents that is rather elusive in fluvial flows.

1.2. Rationale

The present study represents an attempt to systematically investigate
the flow parameters associated with the formation of bedforms under
density and turbidity currents and address the lack of dedicated dia-
grams that can be used to evaluate bedforms under these types of flows.
We report experimental results on bedforms created in the laboratory by
bottom density flows moving over erodible beds composed of different
types of loose non-cohesive sediment. Most of the density flows under
consideration were saline flows, but some of them were hybrid saline-
turbidity and pure turbidity currents. We used saline underflows as
surrogates for turbidity currents driven by fine mud flowing over a
coarser, non-cohesive bed. The dataset is based on studies by Garcia and
Parker (1993), Spinewine et al. (2009, 2010), Sequeiros et al. (2010a,
2010b, 2018), Fedele et al. (2016), Koller et al. (2017, 2019, 2022), de
Cala et al. (2020), Ohata et al. (2023), Ono et al. (2023), and Maggi et al.
(2024), gathering the largest and more comprehensive collection of
laboratory experiments of bedforms by density currents spanning more
than 360 data points. They encompass all known bedforms formed
under subcritical and supercritical flow regimes, under a diverse array of
non-cohesive sediment sizes and densities.

Here we use these data to construct dimensional and dimensionless
bedform characteristics and regime diagrams that may be more specif-
ically applicable to the interpretation of turbidite outcrops than ones
based purely on fluvial settings. We compare and contrast our results
against a compilation of fluvial bedform data from Kennedy (1960), Guy
et al. (1966), Brownlie (1981), Gabel (1993), Harbor (1998), Wieprecht
(2001), Parsons et al. (2005), Taki and Parker (2005), Frings (2007),
Recking et al. (2009), Yokokawa et al. (2011a, 2011b), Ntinez-Gonzélez
(2012), Lefebvre et al. (2016), de Almeida et al. (2016), Hernandez
Moreira (2016), Bradley and Venditti (2017), Lapotre et al. (2017),
Hernandez-Moreira et al. (2020), Jafarinik (2022), Sanders et al. (2023).
All together these correspond to more than 4700 data points, and span
laboratory and field scale fluvial bedforms in natural sand and light-
weight plastic granular material.

We conclude with a wide-ranging review and analysis of field scale
submarine bedforms observed in canyons, levees, slopes, rises, basins,
valleys, fans, deltas, and fjords (more than 220 data points). Some of
these field bedforms also have associated flow observations which allow

= 2
Supercritical flow /)

/

///

U _Bpe 20y
v FepHp & Pp b A

Fig. 1. Sketches of typical sub (left) and supercritical (right) density currents with velocity (blue) and density (brown) profiles, bedform and relevant parameters.
Note the different proportions between basal and upper layer in both regimes. Inset: sketch of typical fluvial profiles where the upper layer is assumed to be negligible
and due to the large density differences between water and air the Froude number is reduced to a simpler form. Not at scale. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Side view photos of open-channel flow bedforms over sand. a) Subcritical-regime dunes with S = 0.59 %, dso = 1.11 mm, Frq = 0.56; b) supercritical-regime
dunes with S = 1.03 %, dg = 0.95 mm, Frq = 1.14; c) downstream-migrating antidunes with S = 1.03 %, dso = 1.11 mm, Frq = 0.99; d) upstream-migrating antidunes
with S = 1.8 %, dg = 0.34 mm, Frq = 1.24; e) cyclic steps, bonded by hydraulic jumps with average S = 8.7 %, dso = 0.20 mm, Frq = 3.51 in the supercritical segments
and Frgq < 1 in the subcritical segments. Note the asymmetry of dunes as opposed to the symmetry and sinusoidal shape of antidunes. Note how the ratio of flow
thickness to bedform size (whether 1 or A) decreases from a) to e). In contrast to the other bedforms, subcritical-regime dunes are unlikely to develop on bed slopes
steeper than ~ 1 %. Dunes on both regimes have flow separation on the steep lee side. Only antidunes are in phase with the interface. Upstream-migrating antidunes
are the only bedforms where the flow is thicker at the crest and thinner at the trough. Ripples (not shown), resemble dunes in all respects but are smaller, form in
finer grain sizes, and do not affect the flow interface. Filled and empty arrows indicate direction of flow and bedform migration respectively. a) to d) adapted from

Hernandez Moreira (2016), Hernandez-Moreira et al., 2020, and Sanders et al. (2023), e) from Yokokawa et al. (2011a).

for a more comprehensive characterization.

The gathering and assessing of datasets developed by different re-
searchers in different laboratories, with different measurements tech-
niques is another differentiating factor of this study with respect to
previous efforts, which by limiting themselves to work with datasets of
single origin might have been marred by selection, availability, instru-
mentation, measurement, and confirmation biases that result in high
epistemic uncertainty.

1.3. Scope

We aim to identify the formative flows of bedforms; that is, the flow
responsible for creating the bedform, rather than other weaker flows
that may slightly modify it. We look into the main or defining bedform,
not occasional smaller second-order bedforms that might develop
superimposed to the main one. In all cases, the flows considered here are
turbulent unidirectional flows. Bedforms associated with tidal flows,
oscillatory flows, internal waves, and wave-current boundary layers are
not included. We consider predominantly down-slope currents, such as
turbidity or thermohaline density/bottom currents; but exclude along-
slope currents such as contour or geostrophic currents that occur in
deep waters, or wind and wave induced alongshore currents that prevail
in shallow waters. All bedforms considered are transverse to the flow,
not longitudinal such as grooves, ribbons and furrows. We exclude
single-row and multiple-row alternate bars, point bars and other bed-
forms that scale with the dimensions of channel width or larger and have
no expression in the absence of systematic transverse variation. This
study does not address knickpoints which may control or modulate flows
and bedforms; also excluded are phenomena such as slope failures,
slumps, creep, compaction, and deformation that may result in features
that resemble bedforms but have a different cause.

The bedforms under consideration here are ripples, dunes, upstream-
migrating antidunes, downstream-migrating antidunes and cyclic steps.
In addition, we consider the plane-bed state corresponding to the
absence of bedforms. The bedforms may have a 2D expression, for which
their surfaces are defined in terms of bed elevation that varies down-
stream, or a 3D expression, for which variation in the transverse direc-
tion is present as well. They may be depositional (or aggrading),
erosional or a hybrid of both.

2. Fluvial bedforms
2.1. Bedform types

The precise definitions of bedforms and bedform states vary from
author to author. It is thus useful to provide working definitions here
based on the fluvial case. Fluvial flows, whether from the laboratory or
the field, are bounded above by a sharp water-air interface (water sur-
face). Subaqueous flows that are the focus of this paper are underflows
driven by an excess density caused by dissolved salt or suspended
sediment. Dissolved salt serves as an imperfect but useful substitute for
fine suspended mud that can drive the flow and does not easily settle out
on the bed. We refer to both types of subaqueous bottom flows as density
currents. They are bounded above by an interface between saline-turbid
water and ambient clear water. The sharpness of this interface depends
upon flow conditions, and in particular upon the densimetric Froude
number, but it is in general more diffuse than the water-air interface of
fluvial flows (Fig. 1). Both the subaqueous and fluvial flows considered
here are bounded below by a loose granular bed. We note that the
Froude number is a property of the flow; however, for brevity, we often
describe bedforms as subcritical or supercritical according to the flow
regime under which they form. Furthermore, ripples and dunes indicate
by default bedforms formed under subcritical flow regime.

2.2. Bedforms in subcritical regime

Dunes are lower-regime fluvial bedforms associated with an inter-
face that is usually weakly out of phase with the bed (e.g., Kennedy,
1963). The response of the interface may be so weak as to be unde-
tectable to the naked eye (Fig. 2a). Dunes migrate downstream, and
most often show asymmetry with a longer gentler stoss face and shorter
steeper lee face, though in big rivers their shape can be complex
(Cisneros et al., 2020). They are the dominant bedform type in sand-bed
rivers under morphologically active flows (e.g., Best, 2005). They are
also observed in gravel-bed rivers (Dinehart, 1992; Carling, 1999),
although less commonly, largely because the larger grain sizes bias
morphologically active flows toward higher values of Froude number, as
seen in data from bankfull alluvial rivers by Czapiga et al. (2019).

The literature on lower-regime fluvial bedforms commonly makes a
distinction between dunes and ripples (e.g. Engelund and Fredsoe,
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1982). These two bedform types have the same asymmetry and the same
tendency to migrate downstream. They are both associated with Froude-
subcritical flows, but ripples show no interaction with the water surface.
Bedforms classified as ripples tend to be smaller than those classified as
dunes (e.g., Charru et al., 2013) and a wavelength of ~0.6 m has been
suggested as an approximate boundary between them (Simons and
Richardson, 1966; Allen, 1982; Ashley, 1990; Lapotre et al., 2017).
Vanoni (1975) observed that ripples are rarely formed in sediment
coarser than 0.6 mm.

The distinction between ripples and dunes is, however, a matter of
debate. One of several characterizations offered by Yalin (1964, 1965)
indicates that ripples have wavelengths A that scale as 1000 d, where
d denotes grain size, and dunes have waveheights A that scale with flow
depth as H/6 (Garcia, 2008). As summarized by Raudkivi (1997), as
sediment size increases, the wavelength of ripples decreases and the
ratio 1/d decreases, ranging from 1000 for a grain size of 0.015 mm, all
the way to about 180 for a grain size of 0.83 mm. Based on Babakaiff and
Hickin (1996), Best (2005) notes that only when the ratio of waveheight
to flow depth A/H exceeds ~1/6 is the largest and more chaotic
bedform-induced turbulence upwelling observed on the water surface,
and furthermore above said threshold the upwelling or “boiling™ peri-
odicity becomes persistent, providing support for a reasonable identifi-
cation of the ripple-dune transition.

Allen (1970) and Bridge (2003) found that dune wavelengths scale
with flow depth as A/H ~ 5, though the factor can be as large as 10. They
also found that, unlike dunes, ripple wavelengths scale with grain size
such that the ratio 4/d is in the order of ~1000 (but could well be as high
as 2000). We note that for the above-mentioned ripple/dune boundary 1
~ 0.6 m the 1000 ratio corresponds to a 0.6 mm grain size, coarse sand,
which is the ripple threshold pointed out by Vanoni (1975).

The ripple-dune transition is also characterized by an increase in the
transport of bed and suspended load related to the increasing impor-
tance of the separation zone shear layer and wake region (Schindler and
Robert, 2004), and significant changes in the mean and turbulent flow
field that causes large changes in the sediment transport over the bed-
forms (Bennett and Best, 1996; Schindler and Robert, 2004, 2005; Fer-
nandez et al., 2006).

Based on linear stability analysis, Colombini and Stocchino (2011)
show that the main mechanism driving instability and formation for
both ripples and dunes is the phase lag between bed shear stress and bed
elevation. Ripples are shown to be confined to relatively low values of
the Shields number and of the particle Reynolds number. For higher
values of the Shields number and of the particle Reynolds number rip-
ples are replaced by dunes. At intermediate values of Shields number,
they may coexist. Flow depth plays a role in determining bedform
wavelength in both cases, but in ripples viscosity is also a controlling
factor.

Indeed, other approaches focus on the distinction between ripples
and dunes based on the viscous sublayer. Engelund and Hansen (1967)
and van den Berg and van Gelder (1993) have associated ripples with the
existence of a residual viscous sublayer near the bed, and dunes with the
absence of this layer. Thus, ripples will develop for mostly fine-grained
sediment in the presence of a viscous sublayer formed along the stoss
side, and above which the flow is turbulent (Richards, 1980). If the
viscous sublayer is disrupted by coarse sediment particles, then, dunes
will be the most common type of bedform. According to this theory the
boundary between ripples and dunes is quantified by the ratio between
the viscous sublayer thickness (a function of the kinematic viscosity and
the shear velocity ~ 11.6 v/u+) and a characteristic bed grain size,
typically dgg. If the former exceeds the latter ripples will prevail,
otherwise dunes will form (Garcia, 2008).

Conversely, Lapotre et al. (2017) and Zanke and Roland (2021)
developed further distinctions between ripples and dunes based on the

Yalin number y = Re'Vz* —involving the shear Reynolds number and
the Shields parameter— and a dimensionless bedform wavelength. The
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Yalin number can be interpreted as a metric for the susceptibility of a
grain on the bed to be entrained by fluid flow, which not only depends
on flow strength relative to the particle weight, but also on the degree to
which the particle is immersed within the viscous sublayer. Lapotre et al.
(2017) proposed that ripples develop when y < 4, dunes are formed
when y > 9, and transitional bedforms fall in between. This resembles
Vanoni (1975) criterion dividing ripples from dunes with a line given by

7" = 317Re" 72'8, which supports the idea that the presence of a viscous
sublayer enhances the development of ripples.

Finally, Jerolmack and Mohrig (2005), Bartholdy et al. (2015) and
Flemming (2022) have questioned the basis for any distinction between
ripples and dunes, pointing to the existence of a continuum of scales of
all wavelengths below the largest dunes.

A pragmatic definition for the distinction between ripples and dunes
is introduced in section 4.1, but the above ambiguities must be borne in
mind for the resulting interpretation. This is all the more so because the
above criteria are not necessarily consistent with each other.

2.3. Bedforms in supercritical regime

The characteristic fluvial bedform of upper regime, i.e. the antidune,
is defined in terms of an interface with undulations that are in phase
with bed undulations (e.g., Kennedy, 1963). This phasing is typically
easy to recognize in the laboratory. The most commonly observed type
of antidune migrates upstream (Fig. 2d), showing a relatively symmet-
rical and sinusoidal shape. Trains of these antidunes can migrate up-
stream in echelon, but more commonly they are subject to cyclic
collapse and reformation (e.g., Kubo and Yokokawa, 2001; Izumi and
Parker, 2009). Downstream-migrating antidunes have also been
observed (e.g., Carling and Shvidchenko, 2002; Nunez-Gonzalez and
Martin-Vide, 2011) and tend to be rather symmetrical as well (Fig. 2c).
Supercritical dunes have been only recently investigated (e.g., Hernan-
dez-Moreira et al., 2020; Sanders et al., 2023) and sometimes classified
as downstream-migrating antidunes (Fig. 2b).

Cyclic steps are upstream-migrating transcritical bedforms (Fig. 2e).
They occur in trains, such that each bedform is bounded by hydraulic
jumps upstream and downstream, with the flow being Froude-
subcritical mostly on the stoss side and Froude-supercritical on the lee
side, hence transcritical (e.g., Taki and Parker, 2005; Yokokawa et al.,
2009; Kostic et al., 2010). Cyclic steps require supercritical flow con-
ditions to trigger their formation. In other words, corresponding uniform
flows that would develop over a fixed sloping bed averaged over the
extent of the bedforms would be supercritical. The flow averaged over
cyclic steps once they have formed, however, may be modestly super- or
subcritical depending on the relative lengths of the stoss and lee sides
(Spinewine et al., 2009). Once formed, cyclic steps typically have
significantly smaller wavenumbers (i.e. longer wavelengths) than anti-
dunes but are more stable and migrate upstream at a slower pace than
antidunes.

Chutes-and-pools are trains of upstream-migrating antidunes that
break and form transient hydraulic jumps. They are hybrid bedforms
that occur in upper-flow-regime conditions, populating the field be-
tween antidunes and cyclic steps (Cartigny et al., 2014; Slootman et al.,
2021). Sometimes they are just classified as cyclic steps.

2.4. Lower and upper plane bed regimes

Under some conditions, a mobile bed of sediment can remain plane.
Two plane-bed regimes are commonly recognized for fluvial flows:
lower and upper plane bed regime.

Lower regime plane bed (LPB) is an indication of minimal bedload
transport rates, usually observed when the bed shear stress induced by
the flow is just above the threshold for motion. For sand dunes LPB is a
necessary first step before they begin to form; while with fine sediment,
ripples may form directly with no observable LPB in between (Southard
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Table 1
Summary of sediment types and sources of experimental density current data.

Name Type Density [kg/m3] die dso dgs doo [ Reference
[pm] [pm] [pm] [pm] [-1

P1 plastic 1530 52 68 85 95 1.28

S1 sand 2650 192 246 339 365 1.33

P2 plastic 1530 185 206 241 248 1.14 Sequeiros et al. (2010a, 2010b)

P3 plastic 1530 1153 1447 1781 1875 1.24

P4 plastic 1530 967 1623 2606 2870 1.64

M1* plastic 1530 230 1499 2811 3102 4.20 Spinewine et al. (2010)

P5 plastic 1530 182 210 237 248 1.15 Spinewine et al. (2009)

C1 coal 1350 59 101 150 165 1.56 .

c2 coal 1350 108 184 250 270 1.51 Garcfa and Parker (1993)

P6 plastic 1530 42 57 77 90 1.37 Sequeiros et al. (2018)

P7 plastic 1500 182 245 360 410 1.41

P8 plastic 1500 210 310 440 487 1.45

S2 sand 2600 150 206 290 324 1.39

S3 sand 2600 270 480 715 790 1.63 Koller et al. (2017, 2019)

G1 glass 2544 78 111 153 157 1.39

G2 glass 2544 39 68 99 109 1.60 Koller et al. (2022)

P9 plastic 1500 310 427 590 649 1.38 de Cala et al. (2020)

P10 plastic 1500 85 120 155 - 1.35

P11 plastic 1500 163 230 297 - 1.35

P12 plastic 1500 213 300 387 - 1.35

P13 plastic 1500 325 458 592 - 1.35 Fedele et al. (2016)

P14 plastic 1500 130 184 238 - 1.35 Fedele (unpub.)

S4 sand 2650 223 300 377 - 1.30

S5 sand 2650 260 350 440 - 1.30

S6 sand 2650 372 500 628 - 1.30

P15 plastic 1040 230 300 375 380 1.28 Maggi et al. (2024)

C3 coal 1400 - 79 - - - .

s7 sand 2650 - ~100 - - - Manica (unpub.)

P16 Plastic 1500 125 177 233 241 1.37 Ono et al. (2023)

P17 Plastic 1500 184 254 348 382 1.37

P18 Plastic 1500 308 428 590 358 1.38 Ohata et al. (2023)

and Boguchwal, 1990; van den Berg and van Gelder, 1993).

Upper regime plane bed (UPB) is associated with high sediment
transport rates. Sometimes it is also characterized by a large amount of
bedload that moves in the form of sheets with no or negligible bed
deformation. However, it has also been reported in the literature, rather
ambiguously, that UPB is a transitional state observed when either rip-
ples, dunes or antidunes are washed away by the strengthening of the
flow. Part of the confusion resides in the fact that the transition between
regimes depends also on the grain size of the bed material. In fluvial
flows UPB are reported when either ripples or dunes are washed out. For
fine sediments the transition between ripples and UPB may occur
without the development of dunes, as most of the sediment is entrained
into suspension. In both cases this precedes the formation of antidunes
(Zanke, 1976; Guy et al., 1966; Engelund, 1970; Bridge and Best, 1988;
Southard and Boguchwal, 1990; van den Berg and van Gelder, 1993).

Ohata et al. (2022) suggested regions for the formation of both re-
gimes unrelated to the threshold condition of sediment motion, a unique
value of particle diameter, or a Froude number of unity. LPB seem to be
defined by bedload-only flows, and UPB are associated with suspension
dominated flows.

Herndndez-Moreira et al. (2020) proposed that two different types of
UPB can be defined, one associated with standard bedload transport at
the dune-antidune transition, and the other associated with bedload
transport in sheet flow mode at the transition between upstream and
downstream migrating antidunes.

Transition is a category for flows that mold bedforms ranging from
those typical of the lower flow regime to those typical of the upper flow
regime. Standing waves are virtually stationary waves associated with
supercritical flow, i.e., antidunes (Guy et al., 1966; Sanders et al., 202.3).

2.5. Bedform regime diagrams

A variety of phase diagrams for bedform regime have been proposed;
these are summarized in Garcia (2008). Simons and Richardson (1966)

used grain size and stream power to define a 2D phase diagram with
regimes for no movement, ripples, dunes, antidunes and plane bed.
Southard and Boguchwal (1990) and Ashley (1990) used flow velocity
and grain size to define a 2D diagram with regimes for no movement,
lower-regime plane bed, upper-regime plane bed, ripples, dunes and
antidunes.

The above two-phase diagrams involve the use of dimensional pa-
rameters. A more formal approach involves dimensionless parameters
(Parker and Anderson, 1977). For example, the 2D diagram of van den
Berg and van Gelder (1993) discriminates bedforms according to a bed
mobility parameter (similar to the Shields number) and a dimensionless
grain size d*. The 3D diagram of Vanoni (1974) discriminates according
to the Froude number and the ratio H/dsp of flow depth H to median
sediment grain size dsp. Some of such diagrams have a specialized
purpose. For example, Carling and Shvidchenko (2002) present a 2D
diagram using Froude number and the ratio of flow velocity to critical
shear velocity to (among other things) discriminate between regimes for
upstream-migrating and downstream-migrating antidunes. Yokokawa
et al. (2011a) present 2D dimensionless phase diagrams designed to
quantify formation regimes of three supercritical-flow bedforms:
upstream-migrating antidunes, downstream-migrating antidunes, and
cyclic steps. Ohata et al. (2017) expanded the analysis to 3D diagrams
based on Froude number, Shields number and dimensionless grain size,
or dimensionless flow velocity, height and grain size.

In this study we report on density current analogs to all these bed-
form types/states. We go on to develop phase diagrams for density
currents that are a) directly comparable to the fluvial case, but b) are
more likely to be applicable to the case of turbidity currents at field scale
than those obtained from experiments designed to model river flows.

3. Data compendium

We observed a wide range of bedform types in all compiled experi-
ments (sources in Table 1). Although in some cases their classification
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may be subject to interpretation, we have sought to rely as much as
possible on unambiguously identifiable features for their characteriza-
tion. Here we list the relevant parameters that we used to characterize
and classify bedforms and describe how they were estimated from
experimental observations. Additional parameters will be introduced
later. The definitions of all parameters are found in the Notation section.

3.1. Froude and wavenumber

We introduce several parameters to establish working definitions for
the flows and bedforms in question. Here H = layer-averaged flow
thickness, U = layer-averaged flow velocity, g = gravitational acceler-
ation, A = bedform waveheight, 2 = bedform wavelength, p=layer-
averaged density of the underflow and p, = density of the ambient fluid
above the interface (i.e. above Hj). The average fractional excess density
F, of the flowing fluid relative to that of the ambient fluid is defined as

F,=""la @
p

The densimetric Froude number Fry is defined as

Frd = v (2)

NG

Water, whether clear or laden with suspended sediment or dissolved
salt, is three orders of magnitude heavier than air. In the fluvial case,
then, F, can be well approximated by unity, and Eq. (2) devolves into a
simpler form (see Fig. 1). The density currents considered here are dilute
in terms of both dissolved salt and suspended sediment, so that F, < < 1.
With this in mind, we use the notation Fr4 for both fluvial and sub-
aqueous flows.

Fluvial flows with Frq > 1 are termed supercritical, and those with
Frg < 1 are termed subcritical. This definition, however, could be
somewhat misleading because it has been argued that the critical Froude
number of a turbidity current can be non-unity depending on the degree
of entrainment of ambient fluid and the density variation in the current
(Huang et al., 2009). A more general definition associates subcritical
flow with a state under which the streamwise variation of interface
elevation is out of phase with the bed, and supercritical flow with a state
under which the reverse phasing occurs. Anderson (1953) and Kennedy
(1963) have shown in the case of fluvial potential flows, and Engelund
and Fredsoe (1982) in case of fluvial shear flows, that the effective
dividing line between subcritical and supercritical flows is a function of
the dimensionless bedform wavenumber k:

_ 2zH

k=3

3

More specifically, in the long-wave limit k — 0, the Froude number
bounding subcritical and supercritical response becomes equal to unity,
but as k increases toward the range of the bedforms studied here, it drops
below unity. The result is that even fluvial flows with values of Frq that
are somewhat below unity can show supercritical response over undu-
lating beds. This has been informally absorbed into the research com-
munity in terms of the classifications of upper-regime and lower-regime
as shorthand for supercritical-response and subcritical-response re-
gimes. Thus, lower and upper Froude number regimes do not exactly
align with lower and upper plane bed regimes.

In addition, we define the basal densimetric Froude number Frg, as:

Uy

v/ &HpFep

where Hj is the density current thickness of the basal (or lower) layer
measured from the bed to the height of peak velocity u,, as sketched in
Fig. 1, Uy is the average velocity of the basal layer, and F is the basal
fractional excess density estimated with the layer-averaged density of
the basal layer p; as:

(C))

Frdb =
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Feb = p—b :pa (5)
Po

The grounds for this are discussed below, but it derives from the fact
that as opposed to fluvial flows, even current thickness is an ambiguous
parameter in the case of density currents. The current often has a diffuse
interface with the ambient fluid, where velocity and excess density only
gradually vanish in the upward direction. Indeed, vertical velocity
profiles of density currents substantially differ from their fluvial coun-
terparts, or rather the resemblance extends only up to Hp. This motivates
the assessment of a dimensionless basal bedform wavenumber k; as:

_ 211Hb

ky 7

(6)

We note that for fluvial flows, the flow height is effectively the basal
flow height, hence H ~ Hj. (Fig. 1).

3.2. Dimensionless grain size

The grain size distribution of the bed sediment is represented by a
median grain size, dso, and a standard deviation ¢, expressing a uni-
formity index, as summarized in Table 1. It is nondimensionalized in the
form originally introduced by Bonnefille (1963) and used by Chaubert
and Chauvin (1963) in their bedform classification diagram (Garcia,
2008). The Valenbois-Bonnefille dimensionless particle diameter, is
defined as

R\ 13
d =dso (%) @)

where Ry = (p; — pp)/pp is the near-bed submerged specific density of
sediment, p, is sediment density, and p, is the near-bed density of the
flow.

The particle Reynolds number is another similar parameter used to
characterize different stages of particle movement in tandem with the
Shields number.

Re, = \/gRyds0dso / v (8)

This parameter is equal to (d*)*2 and is normally used to estimate

the dimensionless Shields number for initiation of motion (e.g.,
Brownlie, 1981).

3.3. Bed shear stress and Shields number

If for uniform fluvial flows the bed shear stress can be estimated at a
reach scale from the relation 7 = pgHS, the same does not hold for a
density underflow due to entrainment of ambient water across the top
interface of the current. Because of interface mixing, in density currents
a logarithmic profile controlled by bed friction is expected to hold only
in a near-bed region below the level of peak streamwise velocity. The
shear velocity u- and the bed shear stress 7, can be determined from the
fitting of a logarithmic law of the wall to the vertical profiles of
streamwise velocity as described in the Supplementary Material. The
bed shear stress is then obtained as:

T = pyui? )]

where py, is the near-bed flow density. Bed shear stress is further non-
dimensionalized to get the corresponding Shields number 7"

* Tp

" = DRl 19

In cases where bedforms of significant height and asymmetry display
flow separation, the bed shear stress and Shields number are further
divided into a skin friction component and a form drag following, for
example, Nelson and Smith (1989).
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Fig. 3. a) Initiation of ripples. Plan view photo of small ripples, just over the
initiation of sediment motion (left). Velocity and density profiles of the asso-
ciated saline current (right). From experiment SUB11b (Sequeiros et al., 2010a)
for which bed sediment was P2, bed slope was S = 0.19 %, total and basal
Froude numbers Fry = 0.54, Frq, = 0.75. b) Ripples: side view photo during
experiment (top left), note the neat interface between saline current and
ambient fluid, typical of subcritical regime. The interface seems mostly unaf-
fected by the ripples. Measured velocity and density profiles (top right). Plan
view photo after flume dewatering (bottom). From experiment SUB10b
(Sequeiros et al., 2010a) with bed sediment P2, bed slope S = 0.49 %, total and
basal Froude numbers Frq = 0.57, Frg, = 0.56. Arrows indicate direction of flow
and bedform migration.

The Mobility parameter of the basal flow is defined after van den
Berg and van Gelder (1993) as:
b, = Uy’

* " Rydso(18 log(4Hy /dso) )*

Following Bonnefille (1963), basal flow thickness and depth-
averaged velocity are nondimensionalized after Ohata et al. (2017) as:

(1)

H? = Hy(Ryg/1?)"" 12)

U2 = Up(Rpgv ) (13)

Alternatively, length parameters can be nondimensionalized relative
to dsp (Allen, 1970) or with u. /v (Lapotre et al., 2017).

3.4. Bedform characteristics

In addition to the bedform waveheight A, wavelength 4, steepness ¢
= A/, direction and rate of migration, 2D or 3D planform arrangement,
and the degree of asymmetry based on stoss and lee sides are included in
the database when available. The asymmetry parameter A is defined
after van Landeghem et al. (2012) as:
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Fig. 4. a) Ripples transitional to dunes: plan view photo (left) and velocity and
density profiles of the associated saline current (right). From experiment SUB09
(Sequeiros et al., 2010a), with bed sediment P2, bed slope S = 0.49 % and
Froude number Frq = 0.79 (Frgp = 0.93). b) Dunes: plan view photo (left) and
velocity and density profiles of the associated saline current (right). From
experiment SUB06b (Sequeiros et al., 2010a), with bed material P2, bed slope S
= 0.85 % and Froude number Frq = 0.82 (Frg, = 0.85). Crests have finer
sediment than troughs. Arrows indicate direction of flow and bed-
form migration.

stss - Llee
A

A= (14)
where Lgyss and Ly, are lengths of the stoss and lee side of the bedform
respectively (Fig. 1). The average slope of the bedform stoss side Ss, a
parameter useful to tell apart cyclic steps from upstream migrating
antidunes, is estimated with the following equation:

S =S8— (15)

'Stoss
The convention for positive slope is clockwise from horizonal, hence
a typical average (or regional) bed slope S is positive, while S; can be
negative.

3.5. Uncertainty assessment

For those experiments where several velocity and/or concentration
profiles were obtained at the same location, calculated flow parameters
were averaged to preserve only one single datapoint. Likewise, mea-
surements of trains of bedforms associated with a certain flow condition
and location were averaged. This reduces the number of datapoints but
provides for more robust statistics, as well as a metric for quantifying
epistemic and aleatory uncertainty by including minima and maxima.

Spatial flow variation along individual bedforms is another sort of
uncertainty, even on bedforms without flow separation (Fedele et al.,
2016). For example, we estimate fluctuations in Froude number within a
bedform length of ~13 %.

Pertaining to field observations (section 6), there can be a mismatch
between observed flow and observed bedforms. While both may be
reasonably measured, it is not a given that the reported flow created the
reported bedform. In additon, given the more transient and sporadic
nature of field turbidity currents relative to rivers, we do not know
whether we are observing fully developed bedforms.
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4. Experimental density current bedforms
4.1. Ripples

As in fluvial flows, distinguishing ripples from dunes in density
currents is often subject to interpretation. Ripples are of smaller
amplitude than dunes and are known to scale better with grain size than
with flow depth. They do not seem to induce perturbations of the current
interface. On the other hand, fluvial dunes tend to scale approximately
as 1/6 of the flow depth and induce small, but noticeable perturbations
at the interface. In the present analysis of subaqueous bedforms, the
classification of ripples versus dunes is subject to a larger degree of
interpretation than for their fluvial counterparts, as the possible per-
turbations of the current interface were less evidently measurable. To
mitigate this challenge, we chose a hybrid classification first relying on
the ratio of waveheight to current thickness and on the ratio of bedform
wavelength to mean grain size, which are easily measured parameters:
bedforms formed under subcritical flow with A/Hp, lower than 1/6, and
A/dsp lower than 2000 were classified as ripples, otherwise as dunes. If
some parameters were lacking for this assessment, then bedforms with
Yalin number y lower than 4 were classified as ripples, and those above
that threshold as dunes.

Given the above criteria, ripples were observed for moderate
subcritical flows over fine/light sediment beds (e.g., P2, P7, P18 in
Table 1). Bed slopes ranged from 0.19 % to 1.50 %, basal densimetric
Froude numbers range was 0.55-0.98.

In Sequeiros et al. (2010a), starting from flat beds, ripples formed
very quickly after starting the flow. They adjusted themselves into pe-
riodic patterns with stable wavelength in the order of a minute, and
subsequently started to migrate downstream at a constant speed. The
ripples started to appear immediately after initiation of motion of bed
sediment, at very small transport rates. Sediment transport itself
appeared to be controlled by ripple migration, with all visible transport
on the gentle stoss side depositing over the short lee face after the ripple
crest.

Sample photographs of ripple structure are given in Fig. 3 and Fig. 4a
for the same plastic bed material (P2) but distinct stages of maturation.
Ripples in Fig. 3a developed over a gentle bed slope S = 0.19 %, under
subcritical regime (Fry = 0.54 and Frg, = 0.75). The bed shear stress was
just above initiation of sediment motion, and the ripples had very small
waveheights (4 ~ 0.2 cm). They have elongated crests but are not very
well aligned across the channel width, instead showing a 3D planform.

Ripples in Fig. 3b are more developed and created by a density
current on a slightly steeper, yet still gentle slope (S = 0.49 %, Frg =
0.57, Frgp = 0.56). Based on visual observations, the basal layer upper
surface and the density current interface are hardly affected by the
bedforms, whose waveheight to current thickness ratio A/Hj is still just
below 1/6. The velocity and density profiles show the typical charac-
teristics of subcritical density currents, with a peak velocity u, closer to
the sharp interface than to the bed, a thin upper layer, and a well-mixed,
rather uniform density in the basal layer (Fig. 1).

Bedforms in Fig. 4a have bed slope S = 0.49 % and a higher Froude
number Fry = 0.79 (Frg, = 0.93). These bedforms may be called ripples
transitional to dunes, with a ratio A/Hp, = 0.19, just above threshold 1/6.
They are organized into a clearer 2D pattern than those of Fig. 3a, with
crestlines well aligned and trackable across the whole channel width.

Ripples are commonly downslope-asymmetrical, with stoss sides
longer than lee sides (0.36 < A < 0.85), and some flow separation
observed on the lee side. Ripples may develop an armored layer of
coarse material in their troughs as a result of downward coarsening (Guy
et al., 1966; Blom et al., 2003).

4.2. Dunes

Bedforms formed under subcritical flow regime with waveheight to
current thickness ratio A/Hp higher than 1/6 or wavelength to median
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grain size ratio 1/dsp higher than 2000 were classified as dunes. If some
parameters were lacking for this assessment, then bedforms with Yalin
number y higher than 4 were classified as dunes. Dunes were observed
for experiments where bed sediment was fine or low density (P2, P9,
P18), an example of dunes is shown in Fig. 4b with S = 0.85 % under
subcritical regime (Frq = 0.82, Frgp = 0.85).

Dunes developed by density current occurred on bed slopes from
0.49 % to 1.22 %, with a basal Froude number range of Frg, = 0.70-0.93,
The dunes looked very similar to the transitional bedforms depicted in
Fig. 4a, except that the waveheight was larger when compared to cur-
rent thickness. Flow observations supported by video recordings point to
marked turbulent flow in the near bed region, more flow detachment
downstream of the lee side than in the case of ripples, and bursts of
suspended sediment. These constitute additional reasons to classify
these bedforms as dunes (Bennett and Best, 1996; Schindler and Robert,
2004, 2005; Best, 2005; Fernandez et al., 2006).

Dunes, like ripples, tend to be downslope asymmetrical (0.28 < A <
0.73) with downward coarsening (Guy et al., 1966; Blom et al., 2003).
Density current dunes are out of phase with the basal layer upper surface
and the interface (Sequeiros et al., 2010a; de Cala et al., 2020), a
behavior also observed in fluvial flows.

Dunes have vertical sorting corresponding to upward fining as re-
ported by Blom et al. (2003). Even for well-sorted experiments with
sediment P2, typical dsp on the dune’s crests were ~ 3 % finer than on
the troughs (190 pm vs 195 pm, Fig. 4b).

4.3. Supercritical-regime ripples and dunes, downstream-migrating
antidunes

Within our database downstream-migrating bedforms were the most
common type observed under supercritical regime. We distinguish them
in three main categories: supercritical ripples (SR), supercritical dunes
(SD) and downstream-migrating antidunes (DMA).

Fedele et al. (2016) classified Froude-supercritical downslope-
asymmetric downstream-migrating bedforms as “supercritical dunes” as
opposed to symmetric and sinusoidal DMA. Flow separation is the key
feature to set SD apart from DMA. Supercritical dunes have more
rounded crests than dunes, but they are downslope asymmetric and have
a clear separation zone on the lee side. On the contrary, DMA are
symmetrical with sinusoidal shape and no flow separation.

Supercritical dunes are unlikely to be in phase with the density
current interface or the basal layer upper surface; whereas DMA are
observed to be in phase with both (Fedele et al., 2016). Both SD and
DMA, however, have in common that the flow thickness (both H; and Hp)
is thinner at the crest than at the trough and hence there is an expansion
of the flow from crest to trough that favors separation, as reported for
fluvial DMA by Ntnez-Gonzalez and Martin-Vide (2011). This crest/
trough difference in Hy, is small and difficult to gauge, especially in DMA.

The more symmetric and sinusoidal in shape the bedforms are, the
more likely they will be in phase with the flow and less likely flow
separation will occur (Fedele et al., 2016; de Cala et al., 2020). See
section 7.8 for further discussion on this issue.

For near-critical or supercritical flow, the effect of viscosity becomes
less relevant. This is certainly the case in sinusoidal-shaped upstream-
and downstream-migrating antidunes associated with rapid flow con-
ditions and profuse bedload transport. However, some supercritical
density currents develop rather small bedforms that can be best
described as “supercritical ripples” (SR) in view of their size and
asymmetry as well as the ratio between the viscous sublayer thickness
and the skin roughness.

To distinguish SR from SD we have used the same criteria to separate
ripples from dunes in the subcritical regime (4/Hp > 1/6 or A/dsp >
2000, y > 4 for dunes). In addition, and regardless of the Froude number
regime, wavenumber is another valuable parameter to distinguish them,
with ripples having larger wavenumbers kj than dunes, and rarely below
~3.
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Fig. 5. a) Supercritical-regime ripples formed by turbidity current, plan and side view photos (left), and velocity and density profiles of the associated current (right).
From experiment TC2 by Koller et al. (2022), with bed material G2, bed slope S = 5.6 % and Froude number Frq = 1.89 (Frgp = 2.95). b) Supercritical-regime dunes
formed by turbidity current, plan and side view photos (left), and velocity and density profiles of the associated current (right). From experiment TC3 by Koller et al.
(2022), with bed material G2, slope S = 5.5 % and Froude number Frq = 1.95 (Frgp, = 2.95). Bedforms are mildly downslope asymmetrical. Pictures were taken after
slowly draining the flume, which may have distorted to some extent the bedform shapes. ¢) Supercritical-regime dunes formed by saline current: plan view photo (top
left), velocity and density profiles of the associated current (top right), and reconstructed laserscan bathymetry (bottom). From experiment SUP49 by Sequeiros et al.
(2010a), with bed material S1, slope S = 5 % and Froude number Frq = 1.55 (Frq, = 2.35). Crests have finer sediment than troughs. Bedforms are distinctly
downslope asymmetrical. The variation in shading documents elevation deviation from the mean bed profile averaged over the steps. d) Supercritical-regime dunes
formed by saline current. Bedforms are out of phase with interface and basal layer upper surface. From Fedele et al. (2016) with bed material P12, bed slope S =17.6
% and Froude number Frq = 1.65. Arrows indicate direction of flow and bedform migration.

Supercritical ripples were observed for experiments where bed
sediment was P2, P6, P7, P8, P18, S2, S3, G1 and G2, that is fine/me-
dium plastic, fine glass and medium sand material; under a wide range
of Frgy (1.00-3.45), bed slopes (0.49 %-7.34 %). They are downslope
asymmetrical but less so than subcritical ripples (0.11 < A < 0.72).

10

Supercritical ripples are very short bedforms, with k; larger than 10, and
have intermediate steepness (0.05 < ¢ < 0.13). An example of SR close
to the boundary with SD is seen in Fig. 5a, formed by a turbidity current
moving over a bed composed of glass beads (G2), slope S = 5.6 % and
Frq = 1.89 (Frgp ~ 2.95). These SR are well developed and have a very
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Downstream migrating antidunes
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Fig. 6. Downstream migrating antidunes: side view photo shows the sinusoidal
and symmetrical bedforms in phase with the current interface (top), charac-
teristic bedding indicating downstream migration pattern (bottom left),
spatially averaged velocity and density profiles of the associated density current
(bottom right). From Fedele et al. (2016), with bed material P11, bed slope S =
7.7 % and Froude number Frq = 1.39 (Frgp ~ 1.67). Arrows indicate direction of
flow and bedform migration.
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Fig. 7. a) Upstream migrating antidunes formed by hybrid saline-turbidity
current: side view photo shows turbidity current in phase with bedforms
(top), plan view photo mosaic after flume was dewatered (bottom). These UMA
have coarser material deposited on the stoss and crest segments than on lee and
trough segments. From experiment SUP56 (Sequeiros et al., 2010a), with bed
material P4, bed slope S = 5 % and Froude number Frg = 1.91 (Frg, ~ 2.98). b)
Upstream migrating antidunes formed by saline current: side view shows
density current in phase with bedform (top). The intense near-bed coloring by a
higher concentration of suspended sediment is an indication of the spatial
variation of the basal layer, which seems thicker above the crest. Side view of
bedform stoss, where antecedent bed configurations show the upstream
migrating nature of the bedform (bottom). Spatially averaged velocity and
density profiles of the associated density current (inset bottom left). From un-
published experiments by J.J. Fedele, with bed material P10, bed slope S = 6.1
%, Frq = 1.25 (Frgp ~ 1.50). Filled and empty arrows indicate direction of flow
and bedform migration respectively.
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mild asymmetry.

Supercritical dunes developed with bed sediment P2, P7, S1, G1, G2,
C1, C2; fine/medium plastic, fine glass, fine coal and medium sand
material; Froude numbers Frg, = 1.14-3.34, and bed slopes from 0.85 %
to 12.3 %. Like dunes, they are downslope asymmetric, with a wider
range of asymmetry, from mildly to very downslope asymmetric (0.10 <
A < 0.75). Supercritical dunes are short (0.76 < k; < 4.75), and steep
(0.07 < ¢ < 0.21) bedforms. In Fig. 5b-c two examples of mildly and
markedly asymmetrical SD respectively are shown. The former, created
by a larger turbidity current than that responsible for the SR in Fig. 5a,
have glass beads (G2) as bed material; S = 5.5 %, Frq = 1.95 (Frg, ~
2.95), and A = 0.30. The latter were developed over sand (S1) with a
similar slope S = 5.0 %, but lower specific discharge, with Fry = 1.55
(Frgp = 2.35) and A = 0.75. Both have a mostly 2D planform. The ve-
locity and density profiles show the typical characteristics of supercrit-
ical density currents, with a peak velocity u, closer to the bed than to the
interface and a thick upper layer, in contrast to those of subcritical
density currents (e.g. Fig. 1, Fig. 3). Supercritical dunes are not in phase
with the flow (Fig. 5d).

Downstream-migrating antidunes developed with bed sediment P3,
P9, P11, P12 and P18, composed of medium to coarse plastic beads. The
Froude number range was Frg, = 1.48-3.58, and bed slopes ranged from
5.0 % to 17.6 %. They are mostly symmetrical but slightly skewed to the
downslope side (—0.13 < A < 0.20). DMA are longer than SD (0.31 < kp
< 0.96), and steep (0.03 < ¢ < 0.34) bedforms. Fig. 6 is an example of a
DMA formed by a density current moving over a bed composed of fine/
medium plastic sediment (P11), slope S = 7.7 % and Frg = 1.39 (Frg, ~
1.67). These DMA are quite symmetrical (A ~ 0.12) and in phase with
the flow interface.

All these supercritical downstream-migrating bedforms, like dunes,
usually show vertical sorting corresponding to upward fining. For ex-
periments with sediment S1, typical dsp on the SD crests were 10 % finer
than on the troughs (225 pm vs 250 pm). This has also been observed in
fluvial DMA (e.g., McBride et al., 1975; Ntnez-Gonzalez, 2012). The
process of upward fining in DMA may differ from that of SD/dunes
though, considering that avalanche faces on the lee side may not develop
in the former case, and may be influenced by the symmetry of the
bedform and absence of flow separation on the lee side. In any case,
however, the result is segregation of coarser grains on the trough (and
lee) and of finer grains on the crest (and stoss). This downward coars-
ening may or may not be preserved in the stratigraphic record,
depending on the presence or absence of aggradation. Its expression is
also influenced by the degree of grain size sorting (Ninez-Gonzalez,
2012).

4.4. Upstream-migrating antidunes

Upstream-migrating antidunes (UMA) formed with bed sediment P3,
P4, M1, P9, P10, P11, P14 and P17, a wide range of plastic from middle
to coarser sizes. The Froude number range was Frg, = 1.50-3.49, and
bed slopes varied from 5.0 % to 17.6 %. UMA are in phase with the basal
flow and interface of the density current, and have longer wavelengths
relative to flow depth (k, = 0.11-0.31) than DMA. They are also less
steep than DMA (0.03 < ¢ < 0.10). UMA are mostly symmetrical (|A| <
0.1), have usually a sinusoidal shape and no flow separation.

The bedforms in Fig. 7a were developed for S = 5.0 %, Fry = 1.91
(Frgp ~ 2.98), and A = -0.02. The upstream migration is a byproduct of
differential sediment transport and deposition of particles on the stoss
side, in turn caused by increasing flow thickness and decreasing flow
velocity on the stoss (flow expansion). The inverse happens on the lee
side.

Unlike other bedforms, these UMA show upward coarsening (or
sorting over the length of individual bedforms), resulting from the up-
stream migration of the bedform with coarser particles depositing on the
stoss side and crest, and finer material on the lee side and trough. For
experiments with sediment P4, dsg on the UMA crests were ~ 15-20 %
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Fig. 8. a) Upstream-migrating antidunes before morphing into cyclic steps, formed by saline current: side view photo during experiment with current interface in
phase with bedforms (top), top-side view photo after experiment with coarser particles deposited on the stoss and crest (bottom). From experiment SW2-12
(Spinewine et al., 2010), with bed material M1, bed slope S = 7.6 %, and Froude number Fry ~ 1.48 (Frgp ~ 2.07). b) Cyclic steps formed by saline current: side view
during experiment shows current flowing over the steps with supercritical flow over lee side, followed by a hydraulic jump and subcritical flow over the stoss side
(left), and velocity and density profiles of the associated current on a supercritical segment (right). From experiment SW3a (Spinewine et al., 2009), with bed
material P2, average bed slope S = 8.5 % and Frq ~ 1.60-1.80 in the supercritical segment. Filled and empty arrows indicate direction of flow and bedform migration

respectively.

coarser than on the troughs (1550 pm vs 1280 pm). Stoss sides coarser
than lee sides have been reported in fluvial antidunes (Cheel, 1990;
Alexander and Fielding, 1997) as well as in upstream-migrating likely
UMA submarine bedforms (e.g. Toyama, Nakajima and Satoh, 2001;
Mafate/Saint-Denis, Mazuel et al., 2016; Magdalena, Ercilla et al.,
2002a; Orinoco, Ercilla et al., 2002b). However, upward coarsening
should not be expected to occur in all these cases, for the coarser ma-
terial deposition may occur mostly on the proximal part of the stoss side
but not on the crest. This instance of upward coarsening was an
exception in our dataset, for upward fining was observed in most of our
experiments where bed samples were evaluated.

Bed, basal flow, and interface are in phase in UMA. The basal flow is
thicker at the crest and thinner at the trough. This is seen in Fig. 7b
where the spatial variation of the basal layer over the UMA is visualized
by the higher concentration of suspended material near the bed.

Under certain conditions UMA may evolve into cyclic steps (see
7.10). We observed a stage preliminary to this transition under steep bed
slopes S = 7.6 % with Frq = 1.48 (Frgp ~ 2.07) (Fig. 8a). As the average
slope became steeper because of thinning of the deposit downstream,
UMA grew in size and steepness until eventually a hydraulic jump
appeared. The bed material was coarse and poorly sorted, a mix (M1) of
80 % coarse material and 20 % fine. These transitional UMA, sometimes
called breaking antidunes, are very steep ({ = 0.09), above the average
of stable UMA, and still symmetrical (A ~ -0.09) although with a slight
upslope asymmetry. The transitional UMA also had upward coarsening,
with coarser particles depositing on the stoss and crest and finer material
on the lee and trough. Sorting becomes more noticeable when the bed
sediment is less uniform.

4.5. Cyclic steps

Cyclic steps (CS) are the largest of all bedforms, they are bounded by
hydraulic jumps and migrate upstream. Cyclic steps can evolve from
either DMA or UMA, usually with an associated increase in bed slope and
Froude number due to gradual thinning of the deposit downstream, even
under the same upstream flow boundary conditions. The gradual growth
in steepness ¢ and negative slope on the stoss side S; eventually force a
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hydraulic jump. The transcritical behavior of the flow over the steps
directly relates to the mechanism for their upstream migration. Over the
lee side the supercritical flow is thin and attached to the bed. Over the
trough and stoss side of the step, the subcritical flow is thicker, with a
rather horizontal interface with the ambient water. The stoss face is
prone to be more irregular than the lee face, favoring detachment, flow
separation, eddies and recirculation cells. Sediment is thus trapped and
deposited along the stoss side, causing upstream migration of the CS.
Once formed, CS are very stable features.

Our cyclic steps were formed with bed sediment P5, P11, P12, P13,
P16 and P17, arange of medium-sized plastic sediment. The average bed
slope of recorded CS ranged from 5.3 % to 17.6 %. Fig. 8b shows an
example of CS that emerged from previously developed smaller DMA
with S ~ 6 %. Local stoss and lee side slopes may vary significantly. Lee
side slopes are very steep (S ~ 20 %) guaranteeing supercritical flow
development; while stoss slopes can be long and remarkably negatively
sloped (S ~ -20 %) thus favoring hydraulic jump formation. The su-
percritical stretches of CS in our observations had Frq = 1.45-2.88. The
subcritical stretches, more difficult to measure due to the presence of the
hydraulic jump, dropped below Frg ~ 0.5. Because of this, we report
characteristic Froude number of CS for the supercritical segment only.

Cyclic steps are very long and steep bedforms (kp as low as 0.03, ¢ as
high as 0.21). These CS were mostly upslope asymmetrical, but with the
asymmetry parameter A ranging widely from —0.36 to 0.21. Grain size is
one of the parameters that determines CS asymmetry (Cartigny, 2012).

Cyclic steps share the upstream migrating pattern of UMA, but they
tend to have downstream-upward-fining stratigraphy based on fluvial
and turbidity currents experiments (e.g., Cartigny et al., 2014; Ono
et al., 2023). This is explained by a combination of the hydraulic jump
and the long wavelength of CS. The stoss side of CS has a propensity to
accumulate coarser material just downstream of the hydraulic jump
around the trough of the CS. Farther downstream along the stoss side the
flow starts accelerating toward the crest, becoming thinner and less
subcritical, with an increase in shear stress. Hence stoss sides tend to
have downstream fining from the trough toward the crest. After several
sequences the downstream fining on the stoss side leads to upward-
fining trend in the CS stratigraphy (Cartigny et al., 2011; Cartigny
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Fig. 9. Sketches of density current, bedform, and sediment vertical grading. a) Subcritical-regime dunes; b) supercritical-regime dunes; c) downstream-migrating
antidunes; d) upstream-migrating antidunes; e) cyclic steps. Dunes are formed under subcritical flow regime on gentle slopes, while the other bedforms are
observed on steeper slopes under supercritical flow regime. Dunes on both Froude number regimes have flow separation on the lee side, while the more symmetric
antidunes do not. The transcritical CS, the largest of all bedforms, are bounded by hydraulic jumps and always migrate upstream. Dunes tend to be very downslope
asymmetric, supercritical dunes as well but less so, DMA and UMA are usually symmetric, and CS come in a wide range of (a)symmetry. Dunes are out of phase with
interface and basal layer upper surface. SD are unlikely to be in phase with them. DMA and UMA are in phase with both of them. In dunes, SD and DMA the flow tends
to be thicker at the trough and thinner at the crest, while the opposite happens in UMA. Flow spatial acceleration/contraction and deceleration/expansion areas are
associated with erosion and deposition respectively. Because of differential sediment transport and segregation, and bedform migration, upward fining of sediment is
typical for dunes, DMA and CS (albeit for different reasons), while UMA can sometimes have upward coarsening. Ripples (not shown), in either Froude number
regime, resemble dunes in all respects but are smaller, form in finer grain sizes, and do not affect the flow interface; they are unlikely to affect the basal layer upper
surface either. All these are typical but not exclusive patterns. Sketches are not at scale. Developed based on Blom et al. (2003) sketch for dunes.

et al., 2014; Slootman and Cartigny, 2020; Ono et al., 2023). Our observations seem to support Ohata et al. (2022) in that LPB
form when sediment particles move only as bed load, while UPB appear
under conditions of active suspended load.

4.6. Lower and upper plane bed regimes
5. Bedform classification

In our experiments LPB were observed for both subcritical and su-
percritical density currents. As in the fluvial case, there seems not to be a
one-on-one correspondence between lower/upper bed regime and sub/
supercritical Froude number regime, at least not in supercritical saline
currents barely capable of moving bed sediment. Some cases with plane
bed and significant sediment transport can be classified as UPB, but
uncertainty remains for the experimental initial condition was plane
bed, and no antecedent bedform field existed to be washed out and
confirm upper plane regime.

Fedele et al. (2016) reported UPB when antidunes were washed out
under highly supercritical flow conditions (Frg > 2.2), but no UPB in the
transition between dunes and antidunes. In our experiments no transi-
tional or standing waves were clearly observed.

The sketch in Fig. 9 summarizes flow characteristics and sediment
processes that lead to the formation of the main type of bedforms
described in the previous section. These include bed slope and flow
regime, thickness and spatial variation of the density current basal layer,
phase of bedforms relative to the interface and the basal layer, local
acceleration and deceleration along the bedform associated with erosion
and deposition zones, flow separation, grain size segregation as well as
bedform geometry. We note that while these represent typical but not
exclusive features, they facilitate a general understanding and pattern
recognition.

In all bedform diagrams described in this section, the classification of
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flume bedforms is informed by the knowledge provided by observing,
measuring and analyzing flows and bedforms during the formative
process. Hence while there may be uncertainty in the bedform classifi-
cation it is considered very low. On the other hand, the interpretation of
field-scale bedforms is, in most cases, made without any knowledge of
the formative flow conditions. Apart from additional evidence found in
the source reference, the classification is informed by a set of criteria
derived mostly from the experimental bedforms. The set of criteria to
classify bedforms will be explained in greater details in sections 6 and 7.

5.1. Bedform dimension diagrams

Characterization of bedform size and some flow parameters is done
first by means of diagrams showing the wide range of bedform di-
mensions spanning several orders of magnitude. Fig. 10 shows bedform
wavelength 1 against waveheight A for all available data together with
mean and maximum lines from the equations of Bradley and Venditti
(2017) and Flemming (2022). Despite being derived mostly for fluvial
ripples and dunes, these lines fit all bedform types very well. The clus-
tering of bedform types is similar at field and laboratory scales. Fig. 11
show dimensionless wavelength and waveheight against basal flow
thickness, also highlighting criteria distinguishing ripples from dunes
(sections 4.1 and 4.2). Both plots illustrate the scarcity of submarine
flow field data compared to fluvial and laboratory flow data. This
notwithstanding, the few available datapoints from submarine field
environments fit within the same bounds observed for fluvial bedforms.

5.2. Regime diagrams

The main objective of bedform diagrams characterizing bedform
regime is to provide a link between measurable geometric properties
and relevant formative flow parameters. The first example is the dia-
gram in Fig. 12, introduced by Kennedy (1963), where the basal Froude
number is plotted against the basal wave number kp. Density current
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data fit very well within the original boundaries separating upstream-
and downstream-migrating regions derived for fluvial bedforms based
on potential flow theory. Importantly, Fig. 12 presents density current
data using basal layer metrics (Frgp, kp), rather than those from the entire
current (Frg, k). The basal layer of density currents has flow profiles that
resemble fluvial flow profiles, for which k = k; and Frq ~ Frg,. Had the
pair (Frg, k) been used instead, the match would appear distorted and
unconnected to boundaries predicted by fluvial potential flow theory.
Furthermore, clustering of different bedform types is neatly shown
separating CS, UMA, DMA, SD, SR, R, D from each other, and both
density current and fluvial flow bedforms fall in the same fields of the
phase diagram. These results strongly support our approach of analyzing
density current bedforms using basal flow characteristics rather than the
full flow profile.

There seems to be one-on-one correlation between Frg and Frgp, in the
experimental data where full velocity and density profiles are available
(Fig. 13a). In the observed range of subcritical regime datapoints Frg, «
Frg, whereas in the supercritical regime Frg, o 2Frg. These trends should
not be extrapolated though. Whereas for a range of intermediate slopes,
previous studies found a dependency of the total Froude number Fry on
the square root of the bed slope S (Ippen and Harleman, 1952; Mid-
dleton, 1966; Komar, 1971; Bo Pedersen, 1980; Stacey and Bowen,
1988), for very gentle and very steep slopes Frq grows asymptotically to
a constant value dependent on bed roughness and suspended sediment
fall velocity (Sequeiros, 2012). The basal Froude number Frg, is also
dependent on S and, like in fluvial environments, with no apparent
asymptotic limit (Fig. 13b). The transition from sub- to supercritical
regime occurs on a slope range between 0.3 % and 1 %. Further reasons
for this behavior are discussed in section 7.3.

Fig. 14 shows a regime diagram of basal Froude number Frg vs
dimensionless grain size d* after Fedele et al. (2016). Clustering of
bedform types is also apparent, e.g., subcritical ripples tend to form in
finer material than dunes. Among supercritical regime bedforms UMA
occur across the widest range of grain sizes, with a fair overlap with
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DMA. Supercritical ripples and dunes cluster on the fine-medium sand
range together with CS, with the latter, however, having higher Froude
numbers. The reasons for overlapping include the role of bed shear stress
as well as epistemic and aleatory uncertainty in measurements.
Conversely, the lack of bedform types in certain areas of the diagram
may simply be a case of availability bias.
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The Shields diagram (Shields, 1936) shows bed shear stress against
bedform grain size, with both parameters in dimensionless form
(Fig. 15). This type of plot has been the subject of many studies that
found distinct regions: no motion, initiation of motion and motion
(Mantz, 1977; Parker, 2005), initiation of suspension and prevalence of
suspension (van Rijn, 1984; Nino et al., 2003; Bagnold, 1966), and
ripple/dune boundaries (e.g., Lapotre et al., 2017).

A similar diagram is produced with the mobility parameter ¢, of van
den Berg and van Gelder (1993) which has the advantage of estimating
the bed shear stress by means of depth-averaged flow velocity (of the
basal layer for density currents) and a Chézy coefficient related to grain
roughness. Cartigny et al. (2014) expanded the diagram to include
various kinds of supercritical bedforms (Fig. 1 in Supplementary
Material).

There is overall a good match in 7*-Re, and ¢,-d* spaces for most
density current bedforms. However, there is also a fair amount of
overlap among bedform types. This should not come as a surprise
because larger values of 7* and 6}, indicate larger velocities, that can be
achieved by a) increasing the discharge for a given slope, or b)
increasing the slope for a given discharge. For example, two very
different density currents, one supercritical and another subcritical,
moving over the same material can induce a similar shear stress (see
section 7.5). Slope and its dependent parameter, Froude number, are not
directly accounted for in the Shields or mobility parameter diagrams. No
matter how large the discharge is, supercritical flow will not develop for
S < 0.3 %; and no matter how low the discharge is, subcritical flows
rarely occur for S > 1 % (Fig. 13b). In short, Froude and Shields numbers
are not interchangeable. Hence the Shields or mobility parameter dia-
grams should be viewed together with the Frgy-d* diagram (Fig. 14). This
would call for a t*-Frg-d* 3D phase diagram. Yet given the unique role
flow density plays in density currents (see section 7.4), a more
comprehensive regime diagram for density currents should also include
the fractional excess density, making it a 4D space. This goes beyond the
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scope of this study, because at least an order of magnitude more data-
points would be needed.

Ohata et al. (2017) proposed a 3D regime diagram based on
dimensionless grain size d*, flow thickness Hp*® and flow velocity Up*B,
(for definitions see Notation), in which we have used the basal flow
properties for density current bedforms. While the range of grains sizes
covers only fine, medium and coarse sand, the available density current
data points sit well within their corresponding boundaries (see Fig. 2 in
Supplementary Material).

Fig. 16 is a new type of regime diagram based on the bedform
asymmetry parameter A, and where the flow component comes in the
form of the basal wavenumber k;. The observed clustering shows a
gradual shift across the entire spectrum of possible bedforms, with
overlap dependent on bedform type and data availability.

5.3. Dimensionless flowless diagrams

The main objective of the dimensionless diagrams introduced in
Fig. 17 and Fig. 18 is to identify bedforms based purely on geometry and
slope setting, where there is no flow data to assess Froude, Shields or
wavenumber. They are particularly useful for distinguishing field-scale
bedforms, including observations from the modern seabed and ancient
cases in outcrop or the subsurface—provided the original bed slope has
not been significantly tilted or distorted. Bedform asymmetry A against
steepness ¢ is shown in Fig. 17, and bedform stoss slope S; against
regional or average bed slope S is seen in Fig. 18. Both have distinctive
clustering and show gradual shift through bedform types. Fig. 18 sets the
basis for a novel approach to tell UMA from CS when positive stoss slope
conditions are met (see also section 7.9).
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Fig. 16. Bedform asymmetry vs basal flow wave number. Even without flow
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6. Field-scale density current bedforms
6.1. Locations and settings

Fig. 19 and Table 2 show locations and characteristics of submarine
bedforms observed in canyons and channels (C), channel levees (L),
slopes / rises / basins (S), fans and islands (F). These categories aim to
characterize whether the bedforms are confined or not, and if the latter
what type of unconfinement it is. Canyons and valleys provide a degree
of lateral confinement. When bedform width (along crest length) is of
the same order of canyons width they are said to be confined. In wide
canyons and valleys such as the Laurentian, where bedform width is
smaller than that of the valley, confinement would seem less relevant;
however in many wide valleys bedforms still are found confined within
narrow and shallow corridors that probably predate the location of
future channels (e.g., Laurentian, Chenal Vincent in La Réunion) hence
we classify them as canyons or channels (C). Levees and flanks (L);
slopes, rises and basins (S); and fans (F); all provide unconfined envi-
ronments for bedform development. Bedforms in prodeltas may be
confined or unconfined, and may be found in fan-like settings. A
distinction setting apart fans and bedform fields around small volcano
islands from other unconfined settings is pertinent because they are
typically defined by radial bathymetry and lateral flow expansion,
which may give the misleading impression of the overlaid bedforms
having concave upward shapes, and thus migrating downstream (see
section 7.14).

In field surveys bedform dimensions and bed slope are the most
accessible data. In many of them there are also sediment samples and
seismic/sub-bottom profiles from which bedform migration history can
be inferred. However, turbidity current observations in tandem with
associated bedforms remain relatively scarce despite a handful of studies
in the last two decades. This is particularly true because detailed ob-
servations characterizing flow properties in a manner equivalent to lab
experiments with full velocity and density profiles are very rare.

When interpreting the field bedforms discussed in this section, keep
in mind that without a reliable, concurrent dataset encompassing flow,
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Fig. 19. Locations of hubs where field submarine bedforms have been assessed. They are indicated by a two-letter code. A single hub may contain more than one site
where bedforms are recorded, different bedform types (e.g. upstream migrating antidunes and cyclic steps) or settings (e.g. canyon, levee, fan). See section 6 and

Table 2 for further details.

bedform, and sediment observations, some uncertainty will per-
sist—regardless of how robust the classification criteria may be. When
available, priority was given to the interpretation attempted by the
authors of the referenced studies.

The dataset of fluvial field bedforms comes from large rivers as well
as smaller rivers and creeks (Table 3) from sources mentioned in section
1.2

6.2. Estimation criteria

Based on experimental observations depicted from Fig. 10 to Fig. 18
and informed by assessments in source articles, we propose in Fig. 20 a
flow diagram to determine bedform types when little or no flow char-
acteristics are available, which is the case for most field observations.
The first step in the classification assumes that bedform migration di-
rection is known, either from seismic profiles, multiple bathymetric
surveys or bedform curvature in confined channels. Subsequent steps are
based on bedform dimensions, asymmetry, steepness, stoss slope,
average bed slope acting as a proxy for Froude number (see section 5.2,
Fig. 13b), and criteria to distinguish ripples from dunes described in
sections 2.2 and 4.1.

The asymmetry parameter range is —1 < A < 1. When the absolute
value is |A| < 0.1 the bedforms are considered nearly symmetrical (stoss
length = lee length), and when |A| < 0.2, they are considered weakly
asymmetrical (van Landeghem et al., 2012; Ma et al., 2019). Values of A
> 0.2 indicate downslope asymmetrical bedforms (stoss side longer than
lee side). Values of A < -0.2 correspond to upslope asymmetrical bed-
forms (stoss side shorter than lee side). For this study, we consider
bedforms with |A| < 0.2 to be symmetrical. Regardless of Froude
number regime, ripples and dunes are downslope asymmetrical. UMA
and DMA tend to be symmetrical, and CS are found through a wide
spectrum of asymmetry. UMA are low steepness elongated bedforms
typically with { < 0.05. DMA, UMAT and CS are on average steeper than
UMA. Dunes are steeper than ripples, but there is significant overlap.

In our dataset UMA are the bedforms with almost all instances of
positive stoss slope. This feature tells them apart from CS, for the latter
have mostly marked negative stoss slopes essential to create the hy-
draulic jump and transcritical flow. The occurrence of positive stoss
slope in other supercritical regime bedforms such as SD cannot be ruled

19

out.

Density currents and fluvial flow observations indicate that super-
critical flows need at least an average bed slope S steeper than ~0.3 %,
and that subcritical density currents are unlikely to exist for S steeper
than ~1.0 %.

Ripples and dunes are set apart first by means of what we call the
Yalin-Allen threshold of 1/dsp = 2000 and the Yalin-Best threshold of
A/Hp = 1/6, and in those cases where these criteria cannot be imple-
mented due to lack of data, by means of the Lapotre et al. (2017) criteria

based on the Yalin number y = Re"V/z". The rationale for such an order
is pragmatic, prioritizing the type of information that is more likely to be
available, and the fact that bed shear stress estimation is more difficult in
density currents than in fluvial flows.

The simple rules in Fig. 20 should not be taken dogmatically and
should always be validated by flow conditions whenever possible.
Furthermore, for the bed slope range of 0.3-1.0 % where both Froude
number regimes overlap (Fig. 13b) it is not possible with these simple
rules to make further distinctions between subcritical and supercritical
ripples/dunes unless flow conditions are known.

When migration direction is unknown -such as when only a single
bathymetry dataset is available- additional features like bedform con-
cavity can aid in identifying bedforms (see section 7.14).

In the next sections we go through some characteristic cases and use
the flow diagram to inform the process of inferring bedform types.

6.3. Cyclic steps

To induce a hydraulic jump some significant perturbation or
obstruction to the flow is needed, whether in the form of a long stoss side
with (usually) gentle negative slope that forces the jump because of the
abrupt slope change on the lee-stoss boundary, or a short stoss side with
steep negative slope resulting in a large waveheight that acts as an
obstacle. This obstruction must be considered relative to the flow
thickness. Hence without actual flow observations there will always be
uncertainty to distinguish between CS and UMA.

Given that turbidity currents are often transient and unsteady, flow
thickness is expected to change within a given event. Thus, a given
bedform may behave both as CS and UMA depending on flow stage:
waxing, peak or waning. The intra-event variability also applies between
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Table 2

Summary of submarine field bedforms. Hub code indicates site (see map in Fig. 19). Profile specifies in-hub location, when more than one set of bedforms is assessed
within a hub. Setting can be canyons or channels (C), levees and flanks (L), slopes, rises, valleys and basins (S), fans and islands (F).

Source Site Description Hub  Profile  Setting Interpreted
bedform type
Zhou et al. (2021) C3 Canyon South China Sea Present, Zhou Table 1 and Fig. 4 03 P C UMA
Zhou et al. (2021) C3 Canyon South China Sea PGM, Zhou Table 1 and Fig. 4 03 E C UMA
Li et al. (2019) C12 Canyon South China Sea Lower thalweg 12 - C CS
Sun et al. (2023) C14 Canyon South China Sea Upper 14 U C UMA
Sun et al. (2023) C14 Canyon South China Sea Lower 14 L C UMA
Anderskouv et al. (2010) Great Australian Bight Eastern lower (A) AB 1 S UMA
Anderskouv et al. (2010) Great Australian Bight Eastern middle (B—I) AB 2 S Cs
Anderskouv et al. (2010) Great Australian Bight Western middle (Bw-Ew) AB 3 S CS
Ba(rzcg??j etal. (2009), Urgeles et al. Adra Prodelta Table III and Table 1 in refs. AD - S UMA
ENI (unpub.) Afungi Canyon Middle AF 1 C UMA
ENI (unpub.) Afungi Canyon Distal AF 2 C CcSs
ENI (unpub.) Afungi Canyon Distal AF 3 C DMA
Urgeles et al. (2011) Algerian Shelf Fig. 7 AG - S UMA
Ba(rzc(e)ﬁt; etal. (2009), Urgeles et al. Alburniol Prodelta Table III and Table 1 in refs. AL - F UMA
Flood et al. (1995) Amazon Canyon levee 930 AM 1 L UMA
Flood et al. (1995) Amazon Canyon levee 933 AM 2 L UMA
Munoz et al. (2017) Almunecar Canyon Profile B West AU 1 C UMA
Munoz et al. (2017) Almunecar Canyon Profile A East Up AU 2 C UMA
Munoz et al. (2017) Almunecar Canyon Profile C East down AU 3 C CS
Sequeiros et al. (2019) Baco Canyon Depth ~ 324-333 m BA - C UMA
Kolla et al. (1976) West Bengal Slope Type III profile g, gc BB - S CS
Carter et al. (1990) Bounty Channel levee Fig. 4 large BC 1 L UMA
Carter et al. (1990) Bounty Channel levee Fig. 4 mean BC 2 L UMA
Carter et al. (1990) Bounty Channel levee Fig. 4 small BC 3 L UMA
Carter et al. (1990) Bounty Channel levee Fig. 3 large BC 4 L UMA
Carter et al. (1990) Bounty Channel levee Fig. 3 small BC 5 L UMA
Lu et al. (2021) Upper Bengal Fan canyon flank SW1, western flank BE - L Ccs
W?;gil;)m al. (2017), Schnyder et al. Western Great Bahama Bank Continuous wave fields in 2 deg. slopes BH 1 S CS
ngi};;t al. (2017), Schnyder et al. Western Great Bahama Bank Lower slope with gullies BH 2 S CS
Zeng et al. (1991), Heijnen et al. (2020), .
Chen et al. (2021) Bute Inlet Mid-reach BU - C UMA
Levchenko and Roslyakov (2010) and . .
Sorokin and Roslyakov (2019) Caspian Sea Western Slope Figs. 2,5 CA 1 S Cs
Levchenko and Roslyakov (2010) and . .
Sorokin and Roslyakov (2019) Caspian Sea Western Slope Fig. 8 CA 2 S Cs
Mazieres et al. (2014), Guiastrennec- o
Capebreton C Head. file C CB - C CcS
Faugas et al. (2020) apebreton Lanyon cac, protiie
Ediger et al. (2002) Cilician Basin Upper slope, Fig. 2. CI - S Cs
. Cilaos Fan proximal (slope like), S,
Sisavath et al. (2011) SW La Réunion Island Profile C—D Fig. 6 CL P S Ccs
Sisavath et al. (2011) Cilaos Fan distal (slope like), SWLa  p t1o g g ig 6 CL D s cs
Réunion Island
Cerrillo-Escoriza et al. (2024) Carchuna Canyon Upper segment, Table 1 and Fig. 3 CR 1 C Ccs
Cerrillo-Escoriza et al. (2024) Carchuna Canyon Lower segment, Table 1 and Fig. 3 CR 2 C Ccs
Cerrillo-Escoriza et al. (2024) Carchuna Canyon levee Eastern levee, Fig. 10 CR - L CcS
Ol(h;(: 12)2114 (1998), Saint-Ange et al. Chenal Vincent Upper northern valley cv - C CS
Smith et al. (2018) Delgada Canyon Fig. S3 DE - C UMA
Kuang et al. (2014) Dongsha Canyon levee Western levee DO - L UMA
Lamb et al. (2008) Eel Fan Profile 2 EE - F Cs
Lamb et al. (2008) Eel Fan levee Distributary channel EE - L CS
Heini6 and Davies (2009) Espirito Santo Channel S.I. Table 1 ES - C CS
Babonneau et al. (2013) Saint-Etienne Canyon Tributary canyon S2, S3, S4, S5 in Fig. 4 ET 1 C Ccs
Babonneau et al. (2013) Saint-Etienne Canyon Eta'ng-S‘ale sector tributary canyons $4, S5, ET 2 C CS
S6 in Fig. 3
Hill (2012), Lintern et al. (2016) Fraser Delta Channel northern branch FR - C UMA
Hill (2012), Lintern et al. (2016) Fraser Delta Non-channeled slope FR - S CS
Lonergan et al. (2013) Margin of Gabon Lower slope GA L S CcS
Lonergan et al. (2013) Margin of Gabon Upper slope GA U S Ccs
Zhang et al. (2024), Zhong (2025) Guangya Channel Channel 3, Fig. 1D Table S1 GG - C Cs
Ba(rzcgllkllj etal. (2009), Urgeles et al. Gualchos Prodelta Table III and Table 1 in refs. GL - S UMA
Normandeau et al. (2016) Gravel Delta Figs. 5,6,7, 8 GR - C Cs
Lobo et al. (2015) and Urgeles et al. Guadalfeo Prodelta Western sediment field, Table III and QU 1 S UMA
(2011) Table 1.
Lot al. (201 1 1. i i
obo et al. (2015) and Urgeles et a Guadalfeo Prodelta Eastern sediment field, Table IIT and GuU 9 S UMA

(2011)

Table 1.
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Source Site Description Hub  Profile  Setting Interpreted
bedform type
Ba as et al. (2009), Urgeles et al.
1;;81113 etal. ( ), Urgeles et a Guadalfeo Prodelta Table III and Table 1. GU 3 S UMA
Lee et al. (2002) Humboldt Slope Fig. 8 HB 1 S Cs
Lee et al. (2002) Humboldt Slope Fig. 9 HB 2 S UMA
Lewis and Pantin (2002) Hikurangi Channel levee SHTL 13a left-bank HI 2 L UMA
Lewis and Pantin (2002) Hikurangi Channel levee SHTL 13a left-bank HI 1 L CS
Lewis and Pantin (2002) Hikurangi Channel levee SHTL 11a left-bank HI 3 L UMA
Lewis and Pantin (2002) Hikurangi Channel levee SHTL 11b left-bank HI 4 L UMA
Lewis and Pantin (2002) Hikurangi Channel SHTC Foredeep, transition to Cook Canyon HI - C UMA
Tek et al. (2022) Hikurangi Channel levee Wave field 1a axis HI 5 L UMA
Tek et al. (2022) Hikurangi Channel levee Wave field 2a axis HI 6 L UMA
Stacey et al. (2019) Howe Sound Upper midslope middle profile A, St2 HO M S Ccs
Stacey et al. (2019) Howe Sound Upper midslope lower profile B, St3 HO L S UMA
Palan (2017) Hope Canyon Canyon floor and margins HP - C Ccs
Liu et al. (2019) Huatung Basin Sediment wave field 1 upper cd HT 1 S Cs
Liu et al. (2019) Huatung Basin Sediment wave field 1 lower cd HT 2 S UMA
Normark et al. (2002), Piper and Normark Hueneme Canyon levee 12 HU 1 L UMA
(2001)

Normark et al. (2002), Piper and Normark Hueneme Canyon levee s HU 9 L UMA
(2001)

N(Erzrggzl; et al. (2002), Piper and Normark Hueneme Canyon levee 1IN HU 3 L UMA

Normark et al. (2002), Piper and Normark Hueneme Canyon levee limid HU 4 L UMA
(2001)

N ark 1. (2002), Pi N ark

(E;ga;; etal. (2002), Piper and Normark Hueneme Canyon levee 118 HU 5 L UMA
Russo et al. (2024) Ivory Coast Tano Basin Line 4 IC - S CS
Hagq et al. (2021, 2023) Indus Canyon levee Fig. 2 IN — L CS
Zhong (2025) Jiulong Fan Fig. 1C Table S2 JI - F Cs
Paull et al. (2013) La Jolla Canyon Canyon floor JO - C -
Wynn et al. (2000a) El Julan (channelized slope) Figs. 7 and 8 JU — C UMA
Mountj t al. (2018), Lewis and Barnes

1);1;19}90))/ ctal. (2018), Lewis and Barnes Kaikoura Canyon Lower segment KA - C DMA
Pi L. (1 Hughes Clark 1.

ll;f; ge(t))a (1985), Hughes Clarke et a Laurentian Fan Eastern Valley Upper part 2-3 km wd LA 1 C SD
Pi t al. (1988), Hughes Clarke et al.

11;;; 5 0; ( ), Hughes Clarke et a Laurentian Fan Eastern Valley Upper part 2-3 km wd LA 2 C SD
Pi al. 1 Hughes Clark al.

1;()10 ; 90 (t))‘ (1988), Hughes Clarke et a Laurentian Fan Eastern Valley Middle-lower part, East branch LA 3 C D
Pl?fg ge(t))al. (1988), Hughes Clarke et al. Laurentian Fan Eastern Valley Lower part, South branch termination LA 4 C D
Praeg and Schafer (1989) Labrador Sea Slope Upper LB U S Ccs
Praeg and Schafer (1989) Labrador Sea Slope Lower LB L S CS
Schattner and Lazar (2016) Levant Slope Profile in Fig. 7 LE - S UMA
Casalbore et al. (2014) Lipari West flank Bf6 LI - C CS
Faugeres et al. (2002) Landes Plateau Upper slope LP U S CS
Faugeres et al. (2002) Landes Plateau Lower slope LP L S (&)
Zhong (2025) Lulun Canyon Fig. 1E Table S1 LU - C CS
Zhong (2025) Lulun Canyon levee Right Hand levee, Fig. 1E Table S2 LU - L Cs
Ercilla et al. (2002a) Magdalena Fan Figs. 4,5, 6 MA 1 F UMA
Bouma and Treadwell (1975) Magdalena Fan 2B MA 2 F UMA

M 1 1 b: d
Pope et al. (2018) acauley Volcano submerge Wave field on the SW slope MC - F Ccs
caldera

ENI (unpub.) Metundo Canyon Distal ME 1 C UMA
ENI (unpub.) Metundo Canyon Distal ME 2 C Ccs
Mazuel et al. (2016) Mafate/Saint-Denis Fan Upper MF 1 F CS
Mazuel et al. (2016) Mafate/Saint-Denis Fan Lower MF 2 F UMA
Porcile et al. (2020) Magasawang-Tubig Channel Depth 175 m MG - C UMA
Porcile et al. (2020) Magasawang-Tubig Slope Profile II-II’, wd ~ 190 m MG - S UMA
Shorrock et al. (2025) Mahia Canyon lower slope Upper profile Fig. 5D MH 1 S (&)
Shorrock et al. (2025) Mahia Canyon lower slope Lower profile Fig. 5D MH 2 S CS
Posamentier et al. (2000) Makassar Strait levee Northern overbank, left levee Fig. 6 and 7 MK — L CS
Tubau et al. (2015) Santa Monica Canyon slope Canyon flank Fig2 and 7e MN - S Cs
Xu et al. (2014), Paull et al. (2010, 2011) Monterey Canyon TC2 R2 1020 m wd MO 2 C UMA
Xu et al. (2014), Paull et al. (2010, 2011) Monterey Canyon TC2 R3 1445 m wd MO 3 C UMA
Wolfson-Schwehr et al. (2023) Monterey Canyon Upper canyon 260-310 m wd MO 1 C UMA
McHugh and Ryan (2000) Monterey Canyon levee Shepard meander Fig. 6 a-a’ MO 4 L Ccs
McHugh and Ryan (2000) Monterey Canyon levee Shepard meander Fig. 9 a-a’ upper MO 5 L UMA
McHugh and Ryan (2000) Monterey Canyon levee Shepard meander Fig. 9 a-a’ lower MO 6 L Cs
Ni k 1. 1 Normark et al.

ngg;) et al. (1980, Normark et a Monterey Fan Western levee of Monterey Fan, Fig. 4 MO w F CS
Fildani et al. (2006) Monterey East Channel Profile Fig. 3 MO E C Cs
Jacobi et al. (1975) Moroccan Rise Fig. 2 MR - S UMA
Damuth (1979) Manila Trench Valley Profile A MT 1 S UMA
Damuth (1979) Manila Trench Valley Profile D MT 2 S UMA
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Source Site Description Hub  Profile  Setting Interpreted

bedform type
Damuth (1979) Manila Trench Valley Profile C MT 3 S UMA
Chen et al. (2024) South Metundo Canyon Upper axial zone, Table 1 and Fig. 6 MU 1 C Ccs
Chen et al. (2024) South Metundo Canyon Lower axial zone, Table 1 and Fig. 6 MU 2 C CS
Sequeiros et al. (2019) Malaylay Canyon Channel 2 A-A’ wd ~ 180 m MY 1 C UMA
Sequeiros et al. (2019) Malaylay Canyon Channel 2C-C' wd ~ 300 m MY 3 C UMA
Sequeiros et al. (2019) Malaylay Canyon Channel 2 B-B'wd ~ 250 m MY 2 C UMA
Sequeiros et al. (2019) Malaylay Canyon Main channel wd > 300 m MY 4 C UMA
Sequeiros et al. (2019) Malaylay Canyon Channel 4 wd ~ 60 m MY 5 C Cs
Sequeiros et al. (2019) Malaylay Canyon Channel 4 wd ~ 110-115 m MY 6 C Cs
Sequeiros et al. (2019) Malaylay Canyon Channel 4 wd ~ 230 m MY 7 C UMA
Howe (1996) Rockall Trough North Barra Fan Gwaelo sequence NB - F UMA
Wang et al. (2025) submitted South China Sea NE Lower Slope Field 2, Fig. 3B NE 1 S Ccs
Wang et al. (2025) submitted South China Sea NE Lower Slope Field 2, Fig. 3B NE 2 S UMA
Wang et al. (2025) submitted South China Sea NE Lower Slope Field 1, Fig. 3A NE 3 S DMA
N(;)r;::;l; (e; (;1(1)'952002)’ also Heinio and Nigeria Canyon levee Bonga block OPL 212 NI - L CcS
Bornhold and Prior (1990) Noeick Delta Middle Slope Mid slope, Fig. 10 NO 1 S UMA
Bornhold and Prior (1990) Noeick Delta Lower Slope Lower slope, Fig. 11 NO 2 S UMA
Arzola et al. (2008), Lastras et al. (2009), , Southern margin of lower canyon,

Masson et al. (2011a,b) Nazaré Canyon upstream bed?orms Fig. 8 ArZ(})Ila Nz 1 ¢ UMA
Arzola et al. (2008), Lastras et al. (2009), , Southern margin of lower canyon,

Masson et al. (2011a,b) Nazare Canyon downstream bgedform Fig. 8 AZzola Nz 2 ¢ UMA
Eakins and Robinson (2006) Opana Fan Fig. 10 OoP - F CS
Ercilla et al. (2002b) Orinoco Southern Valley Fig. 8 OR - S UMA
Wynn et al. (2000a) La Palma Slope (fan-like) Figs. 3 and 4 PA - F Ccs
Normandeau et al. (2016) Pentecote Delta Figs. 5,6,7,8 PC - S CS
Zhang et al. (2022) Penghu Canyon Lower 1 PE 1 C Ccs
Zhang et al. (2022) Penghu Canyon Lower 2 PE 2 C Cs
Normandeau et al. (2014, 2019, 2022) Pointe-des-Monts Canyon Main, Fig. 2, Profile F-F' PM - C CS
Casalbore et al. (2014) Panarea Island Northern flank, Bf4 PN - F CS
Normandeau et al. (2016) Pasteur Delta Figs.5,6,7,8 PS - S CcS
Bouma and Treadwell (1975) Rancheria Fan 2C RA — F DMA
Tubau et al. (2015) Redondo Canyon Canyon floor RE - C UMA
Tubau et al. (2015) Redondo Canyon levee Eastern channel levee RE - L UMA
Palan (2017) Rose Canyon Canyon floor RO - C Cs
Lonsdale and Hollister (1979) Reynidsjup Channel levee Fig. 2 RY - L Ccs
ENI (unpub.) South Afungi Canyon Middle SA 1 C UMA
ENI (unpub.) South Afungi Canyon Middle SA 2 C Ccs
Normandeau et al. (2016) Schmon Delta Figs. 5,6,7,8 SC - S CS
B‘(rgglll(llj et al. (2009), Urgeles et al. Seco Prodelta Table III and Table 1 in refs. SE - C UMA
Fonseca Ribeiro (2018) Sao Francisco Canyon Upper canyon floor il SF 1 C UMA
Fonseca Ribeiro (2018) Sao Francisco Canyon Upper canyon floor i2 SF 2 C UMA
Zhong (2025) Shenxian Canyon levee Right hand levee, Fig. 1E Table S2 SH - L Ccs
Palma et al. (2021) Sloggett Canyon CB2 branch thalweg SL - C Ccs
Covault et al. (2014) San Mateo Canyon Figs. 6, 7B SM C Ccs
Hughes Clarke (2016), Hage et al. (2018) Squamish Prodelta North channel TC C SQ - C Cs
Stacey et al. (2019) Squamish Prodelta Lower slope, channel and lobe, St1 SQ - S Ccs
Kidd et al. (1998) Stromboli Canyon Outer bend south of Lametini seamount ST - C UMA
Casalbore et al. (2014) Stromboli Island SE flank, Bf1l ST 1 F CS
Casalbore et al. (2014) Stromboli Island NW flank, Bf2 ST 2 F UMA
Casalbore et al. (2014) Stromboli Island N flank, Bf3 ST 3 F CS
Ar;/;)al;;tlaelt' ;?.0(0280) i ;:;dg et al. (2009), Setubal Canyon Canyon floor, Fig. 14 Arzola SU - C UMA
Wynn et al. (2000b) Selvagens Islands Distal field NW of the islands N 1 S UMA
Santos et al. (2019) Selvagens Islands NE proximal field, Fig. 5F profile SV 2 S UMA
Zhong et al. (2015) Taiwan Canyon South Taiwan Shoal upper TA U C Ccs
Zhong et al. (2015) Taiwan Canyon South Taiwan Shoal lower TA L C CS
Li et al. (2021) Taiwan Canyon levee Wave field 1, upper TA 1 L CS
Li et al. (2021) Taiwan Canyon levee Wave field 1, middle TA 2 L CS
Li et al. (2021) Taiwan Canyon levee Wave field 1, lower TA 3 L CS
Li et al. (2021) Taiwan Canyon levee Wave field 2 TA 4 L CS
Kuang et al. (2014) Taiwan Canyon levee Western levee TA w L CS
Kuang et al. (2014) Taiwan Canyon levee Southern levee TA S L UMA
Trmcard} and Normark (1988), Urgeles Tiber Prodelta Line D, and Table 1 in refs. TI - F UMA

et al. (2011)

Hoffmann et al. (2008, 2011) Torkoro Upper Slope Hixon Bay, Group 2 TK 1 S Cs
Hoffmann et al. (2008, 2011) Torkoro Lower Slope Hixon Bay, Group 5 TK 2 S Cs
Clare et al. (2018) Sulphur Bay, Tanna Island Profile X, upper channel TN 1 C CcS
Clare et al. (2018) Sulphur Bay, Tanna Island Profile X, upper middle TN 2 C Ccs
Clare et al. (2018) Sulphur Bay, Tanna Island Profile X, lower middle TN 3 C CS
Clare et al. (2018) Sulphur Bay, Tanna Island Profile X, lower TN 4 C Cs
Casalbore et al. (2021) Sulphur Bay, Tanna Island Profile K, distal, Fig. 10 TN 5 S Ccs
Clare et al. (2018) Sulphur Bay East, Tanna Island Profile Z, upper middle N 6 C Ccs
Clare et al. (2018) Sulphur Bay East, Tanna Island Profile Z, lower middle TN 7 C CS
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(continued on next page)
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Source Site Description Hub  Profile  Setting Interpreted

bedform type
Clare et al. (2018) Sulphur Bay East, Tanna Island Profile Z, lower TN 8 C CS
Clare et al. (2018) Sulphur Bay East, Tanna Island Profile Z, distal TN 9 S CS
Nakajima et al. (1998) Toyama Canyon levee Fig. 9 upslope TO 1 L Cs
Nakajima et al. (1998) Toyama Canyon levee Fig. 9 downslope TO 2 L UMA
Nakajima and Satoh (2001) Toyama Canyon levee Line 202 upslope TO 3 L Cs
Nakajima and Satoh (2001) Toyama Canyon levee Line 202 downslope TO 4 L UMA
Nakajima and Satoh (2001) Toyama Canyon levee Line 101 upslope TO 5 L Cs
Nakajima and Satoh (2001) Toyama Canyon levee Line 101 downslope TO 6 L UMA
Total (unpub.) Tungue Canyon Middle TU 1 C CS
Total (unpub.) Tungue Canyon Middle TU 2 C Ccs
Malinverno et al. (1988) Var Canyon, Fig. 7-8 Lower upper valley VA U C SD
Piper and Savoye (1993) Var Canyon Upper middle valley VA M C SD
Migeon et al. (2000, 2001) Var Canyon levee/ridge VSR very large VA 1 L Ccs
Migeon et al. (2000, 2001) Var Canyon levee/ridge VSR large VA 2 L CS
Migeon et al. (2000, 2001) Var Canyon levee/ridge VSR medium VA 3 L UMA
Migeon et al. (2000, 2001) Var Canyon levee/ridge VSR small VA 4 L UMA
Barcenas et al. (2009), Urgeles et al. .

(2011) Verde Prodelta Table III and Table 1 in refs. VE - S UMA
ENI (unpub.) Vamizi Canyon Upper VM 1 C UMA
ENI (unpub.) Vamizi Canyon Middle VM 2 C Ccs
ENI (unpub.) Vamizi Canyon Middle VM 3 C Ccs
ENI (unpub.) Vamizi Canyon Distal VM 4 C Cs
Casalbore et al. (2014) Vulcano Island SW flank, Bf5 vU - F CS
Zhong et al. (2015) West Penghu Canyon Middle 1 WP 1 C CS
Zhong et al. (2015) West Penghu Canyon Middle 2 WP 2 C Ccs
Zhong et al. (2015) West Penghu Canyon Lower WP 3 C CS
Gong et al. (2012) West Penghu Fan Upper lower slope above Taiwan Canyon WP U F UMA
Gong et al. (2012) West Penghu Fan Lower lower slope above Taiwan Canyon WP L F Ccs
Zhong (2025) Xishabe Canyon SY78, Fig. 1B Table S1 XI 1 C Ccs
Zhong (2025) Xishabe Canyon SY174 XI 2 C Cs
Zhong (2025) Yongshi Canyon levee Right hand levee, Fig. 1E Table S2 YO - L Ccs
Migeon (2000) Zaire Canyon levee G27Z03 ZA 1 L CS
Migeon (2000) Zaire Canyon levee 72-19 ZA 2 L Ccs
Migeon (2000) Zaire Canyon levee 71-54 ZA 3 L UMA
Leat et al. (2010, 2013) Zavodovski Island Eastern ridge, JR206_27 VA% 1 F CS
Leat et al. (2010, 2013) Zavodovski Island Eastern ridge, JR206_29 YA 2 F CS

Table 3
Sites of fluvial field bedforms. For sources see section 1.2.
Site Short code
American Canal AC
Amazon AM
Acop Canal AP
Araguaia AR
Atrisco Lateral AT
Calamus CA
Dry Fork Creek, Miss. DF
Embarras EM
Fraser FR
Gravel Pit Runoff, Byhalia, Miss. GP
Green GR
Hii HI
Jamuna JA
Little Colorado, Cameron, AZ LC
Mississippi MI
Missouri MO
Niobrara NB
Nile NI
North Loup NL
Ob OB
Parana PA
Polomet PO
Pigeon Roost Creek, Miss. PR
Red Deer RD
Rio Grande RG
Rhine (Lower) RH
Tanana TA
Trinity TR
Uruguay UR
Virgin, St. George, Utah VR
Zaire ZA

23

different flow events; a bedform that is UMA for the formative flow, may
be CS for later smaller flows. With these caveats in mind, we proceed to
describe some bedforms that most certainly are CS.

Upslope migrating fine-sand bedforms on the Fraser Delta slope (Hill,
2012; Lintern et al., 2016; Hill and Lintern, 2022) short-coded FRS are
upslope asymmetrical with intermediate steepness (Fig. 17) and have
marked negative stoss slope (Fig. 18). The observed turbidity currents
have rather thin basal layers relative to bedform size (Fig. 11) resulting
in low wavenumbers (Fig. 12). These features point to CS on unconfined
slopes (Fig. 21). Inside channels, however, bedforms are composed of
medium sand, are smaller and symmetrical, and fall in an intermediate
range where CS and UMA overlap in the phase diagrams (FRC).

Upslope migrating concave-downward bedforms on the northern
channel of the steep Squamish Prodelta (Hughes Clarke, 2016; Hage
et al., 2018) short-coded SQC are slightly downslope asymmetrical with
high steepness (Fig. 17), gentle negative stoss slope (Fig. 18) and are
composed of fine to medium sand (Stacey et al.,, 2019). Records of
confined turbidity currents show relatively thin basal layers (Fig. 11)
with associated low wavenumbers (Fig. 12, Fig. 16). They have all the
markers of CS. Farther downslope in the lower slope bedforms are likely
CS as well (SQS).

Upslope migrating concave-down bedforms on the main Pointe-des-
Monts Canyon (Normandeau et al., 2014, 2019, 2022) short-coded PM
are downslope asymmetrical and rather steep (Fig. 17) with very gentle
negative stoss slopes (Fig. 18). No flow observations are available, but
turbidity current basal thickness is indirectly estimated by erosion of the
canyon wall (~1.5 m average, Fig. 11), which results in a low wave-
number (Fig. 16). These signatures indicate CS.

Upslope migrating very fine-grained, very large bedforms on the
Monterey East Channel, on the levee off the Shepard Meander (Fildani
et al.,, 2006) short-coded MOE are downslope asymmetric and
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A: asymmetry parameter = (Lgross—Liee) /A
dso : median sediment grain size

H, : basal flow thickness (for fluvial flows H=H,)
L, : length of the lee side of the bedform

Lyoss - length of the stoss side of the bedform

S : average bed slope

S, : average stoss side slope =S — A/Lgss

A bedform waveheight

A : bedform wavelength

X : Yalin number = Re*V7* = 7*Re,
& : bedform steepness = 4/
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Fig. 20. Bedform interpretation criteria chart for when little or no flow data is known. Bedform dimensions, geometry and bed slope must be known. Some flow data
and grain size may be needed to tell ripples from dunes. Still sometimes it is not possible to discern bedform type without knowing flow conditions. See section 6.2 for
additional explanation. When migration direction is not known additional features such as bedform planar concavity may help identification provided the setting has

some degree of confinement (section 7.14).

intermediate steep (Fig. 17) and have negative stoss slope (Fig. 18). No
flow observations are available, but dedicated modeling point to low
wavenumber (Fig. 16). These are among the largest CS ever observed
(Fig. 10).

For other upstream migrating bedforms in different settings that can
be classified as CS with a reasonable degree of certainty due to asym-
metry and/or high steepness see Table 2, Fig. 10, Fig. 17.

In the CS-UMA overlapping area classification is more conjectural
and based on additional parameters when available. We also note that
UMA on the brink of transitioning to CS can develop large steepness well
above their normal values, but still behave as UMA until the hydraulic
jump is triggered, as recorded by Spinewine et al. (2010) whose obser-
vations of UMA evolving toward CS in Fig. 17 have steepness typically
associated with CS.

These interpretations generally fit the view of Cartigny et al. (2011)
that cyclic steps with downslope asymmetries are more likely found in
confined, high energy settings (i.e. canyons), while upslope asymmetries
are more representative for fine-grained bedforms in unconfined, low
energy environments (i.e. slopes and levees). Detailed description of all
field bedforms in Table 2 exceeds the scope of this study.

6.4. Upstream migrating antidunes

The Monterey Canyon is one of the field sites with flow, bedform and
sediment observations allowing an evaluation not unlike those under
controlled laboratory conditions. Our assessment leans to the theory that
bedforms in Monterey Canyon (Paull et al., 2010, 2011) at the locations
where turbidity currents were recorded (~800-1500 water depth, Xu
et al., 2004, 2014) are upstream migrating antidunes driven by strong
sediment-gravity flows, as conjectured by Smith et al. (2007). In the
Kennedy diagram the Monterey Canyon data points fall in the UMA
region, close to the transition where supercritical bedforms migrate
downstream and — at least for turbidity currents such as those in Xu
et al. (2004, 2014) with wavenumber k; too high to be CS (Fig. 12).
Their asymmetry is within (MO3 at water depth ~ 1450 m) or slightly
above (MO2 at w.d. ~ 1000 m, Fig. 22) that of most other UMA (Fig. 16),
and this downslope asymmetry can be interpreted as more characteristic
of CS, that could occur in the waning stage of the turbidity current (see
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section 7.9). Their steepness is on the high side of most UMA, over-
lapping with DMA and CS (Fig. 17). It is unlikely that MO3 bedforms are
CS, as some stoss slopes are positive and beyond the point where
subcritical flows can occur, but this possibility cannot be ruled out for
MO2 bedforms (Fig. 18). The Monterey Canyon bedforms occur on areas
where the canyon fill consists of cohesionless coarse sand and gravel
(Paull et al., 2011). In the Froude number and Shields number diagrams
these bedforms fall in a region where fluvial coarse-grained UMA and
DMA are common (Fig. 14, Fig. 15). However, the facies of the sedi-
ments collected from these bedforms are composed of fining-upward
sequences (Paull et al., 2010), which differ from the upward coars-
ening experimental UMA.

Another feature that hints at upstream migration is the concavity of
the bedforms in a confined setting in tandem with supercritical flow
conditions. In Monterey Canyon the crescent-shaped bedforms have
concave down-canyon crests (Fig. 22), similar to experimental UMA in
Fig. 7a. Concave up-canyon bedforms also occur in Monterey Canyon,
but not at the locations assessed here (ca 1000-1500 m). Areas of up-
concavity are upstream of features that may be restricting down-
canyon sediment movement (Paull et al., 2011), in deeper waters
(>1800 m) and seem to be modulated also by internal tides (Wolfson-
Schwehr et al., 2023).

Turbidity currents and associated bedforms have also been observed
in Bute Inlet (BU), British Columbia (Zeng et al., 1991; Heijnen et al.,
2020; Chen et al., 2021). These bedforms are confined within channels
with concave-down crescent shapes. They are superimposed over larger
upstream migrating features, called knickpoints, which modulate bed-
form size and location by changes in bed slope. While the regional bed
slope in Bute Inlet mid-reach is in the order of 1.2 %, locally downstream
of the knickpoints slopes can be up to 5 %. The Bute Inlet crescentic
bedforms are likely UMA created by supercritical turbidity currents.
Froude number estimations based on observations by Zeng et al. (1991)
set the bedforms in the UMA region of the Kennedy diagram (Fig. 12).
While individual bedforms may be either upslope or downslope asym-
metrical, on average they tend to be rather symmetrical (Fig. 16) and
with intermediate steepness (Fig. 17). In the Froude number diagram
(Fig. 14), Bute Inlet bedforms sit in a region where fluvial medium-
grained sand UMA are also found.
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Fig. 21. Fraser Delta upstream migrating bedforms. Color indicates water depth. Contour lines spacing every 10 m. Hillshade highlights stoss and lee sides. Insets
show cross sections within the channel (FRC) and on the slope (FRS). The bedforms in the channel are interpreted to be upstream migrating antidunes, and those on
the slope cyclic steps. See section 6.3 for further details. Bathymetry data courtesy P. Hill and R. Kung.

Bedforms in the Malaylay Canyon in The Philippines migrate up-
slope, as revealed by repeat bathymetry surveys and sub-bottom pro-
files, driven by short-lived but intense turbidity currents (Sequeiros
et al., 2019) which result in at least half a wavelength 1 migration in
about 30 min. Upslope migration is also inferred from their planimetric
curved concave-down crests (Fig. 23), the rate of migration being faster
in the thalweg than in the margins. The middle and lower reaches of the
Malaylay Canyon floor (MY1-3) have coarse-grained sediment (sand
and gravel). Sediment is coarser within the channels (dsp ~ 200-500
pm) and finer on the overbank and inter-channel areas (dsp ~ 15-80
pm). Based on their dimensions, grain size, and estimated bankfull flow
conditions the bedforms are most likely UMA. These same bedforms,
however, may also be classified as CS during the waning stage of
turbidity currents.

For other upstream-migrating bedforms that can be confidently
classified as UMA based on symmetry, low steepness, and/or positive
stoss slope, refer to Table 2, Fig. 17, Fig. 18.

6.5. Downstream migrating antidunes

Bedforms in the lower Kaikoura Canyon (KA) off the east coast of
New Zealand have concave-up crests and migrate downslope (Fig. 24),
revealed by repeat bathymetry surveys, driven by powerful earthquake-
triggered “canyon flushing” turbidity currents (Mountjoy et al., 2018).
The bed material is coarse and vertically-graded, from pebble gravel
below to coarse sand turbidite with mud above, as interpreted from a
core taken at 1874 m water depth in the lower Kaikoura Canyon (Lewis
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and Barnes, 1999). The regional slope close to 1 % indicates that the
turbidity currents were likely supercritical flow regime. The bedforms
are rather symmetrical (or mildly downslope asymmetrical) and with
relatively high steepness. All these features together point to DMA.

6.6. Supercritical-regime dunes

Bedforms in the upper Laurentian Eastern Valley between 2000 and
3500 m water depth are coarse gravel waves with mean grain size
estimated in the range 10-100 mm (Piper et al., 1985, 1988; Hughes
Clarke et al., 1990). The average bedform wavelength increases from 30
m at the 2000-m isobath to 70 m by 3500 m, and average waveheight
ranges from 4 m to 7 m. They are markedly downslope asymmetrical
with shorter lee faces that dip downslope at 25-45° (Fig. 25), with rather
steep A/ ratios (Fig. 17), straight to mildly sinuous elongate crests. The
average regional slope S is steeper than 2 %, hence these bedforms most
likely developed under supercritical flow, and given their asymmetry
can be classified as SD (LA1-2). Boulders are observed on the stoss side
and are densest close to trough, but are rarely visible on the lee face of
the gravel waves, which is consistent with a downslope-migrating,
asymmetric bedform (Fig. 9).

The bedforms in the lower Var Canyon (or upper Var Valley, VAU) at
about 2000 m depth (Malinverno et al., 1988) are composed of coarse
material (coarse sand and larger), and with wavelengths between 50 and
100 m and waveheights estimated at less than 5 m with intermediate
steepness. They are downslope asymmetric and have slightly concave up
crests which points to downstream migration. The average regional
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Fig. 22. Monterey Canyon bedforms at ~1000 m water depth (MO2). Color indicates water depth. Contour lines spacing every 1 m. Hillshade highlights stoss and lee
sides. Inset shows the cross section along the red line. These bedforms are interpreted to be upstream migrating antidunes. See section 6.4 for further details. Ba-
thymetry data courtesy E. Lundsten and C. Paull. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

slope S is 2.5 %, related to supercritical flow regime (Fig. 13b). All these
characteristics indicate SD.

6.7. Dunes

Bedforms in the distal thalweg of South branch of the lower Lau-
rentian Eastern Valley in ~4900 m water depth are large waves with a
mean wavelength of 300 m and waveheight of ~5 m (Piper et al., 1988;
Hughes Clarke et al., 1990). They are also composed of relatively coarse
material (coarse sand to gravel 3-6 mm in grain size) but finer than their
upslope counterparts discussed in section 6.6.

Another difference is that in the termination of the South branch
slopes are much gentler S ~ 0.26 %, where only subcritical flows are
observed (Fig. 13b), hence it is inferred that only downstream migration
is possible. Given their size, then, these bedforms can be classified as
subcritical-regime dunes (LA3-4).

The thick massive turbidites suggest deposition beneath a deceler-
ating flow. Within the South branch, thalweg bedforms are aligned in
lanes and straight crested, but farther downslope they become sinuous
and with spreading crest orientations indicating a diverging flow in an
increasingly unconfined setting.

Due to the extreme deep-water, it is difficult to accurately estimate
bedform asymmetry from the available sidescan data, but they seem to
be slightly downslope asymmetric (Fig. 25).
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7. Discussion

7.1. Terminology: bedforms, sediment waves, gravel-, sand-, and
mudwaves

The most common bedform observed on the seafloor is known as
“sediment wave”. Wynn and Stow (2002) defined a sediment wave as “a
large-scale [...] undulating, depositional bedform that is generated
beneath a current flowing at, or close to, the seafloor”. The formative
current can be either a turbidity current or a bottom contour current,
and the wave material is dominated by fine (mud and silt) or coarse
(sand and gravel) material.

Fine-grained turbidity current sediment waves are found on channel
levees, the continental slope and rise, and the flanks of volcanic islands.
They are associated with unconfined turbidity currents and may have
either straight or sinuous crests (in the rare cases occurring in confined
settings, they may have crescentic shaped crests). In most cases they
show upslope migration and a downslope decrease in dimensions and
asymmetry. Individual beds are thicker and coarse-grained on the stoss
side. They are the largest observed bedforms, with maximum order of
magnitude is 4 ~ 10 km, A ~ 100 m (Wynn and Stow, 2002; Symons
et al., 2016).

Coarse-grained turbidity current sediment waves are found in can-
yons, channels and channel-lobe transition zones. They are associated
with confined or expanding turbidity currents. They are smaller
(maximum order of magnitude is 4 ~ 1 km, A ~ 10 m) than fine-grained
waves. They may lack internal structure and may be sometimes short-
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pedform migration

Fig. 23. Malaylay Canyon upstream migrating bedforms. Left: Hillshade relief highlighting stoss and lee sides. Color indicates water depth. Contour lines spacing
every 10 m. Right: interpreted sub-bottom profiles at three locations along Malaylay Canyon channel #2 (MY1, MY2, MY3) that reveal upstream bedform migration
and bathymetric changes before and after turbidity current triggered by typhoon Nock-ten in December 2016. Internal structure shows strata on the stoss side
progressively forming upstream, and an erosional surface forming a steep lee side. Under bankfull conditions these bedforms are interpreted to be upstream migrating

antidunes. See section 6.4 for further details.

lived. They may migrate up- or downslope and tend to have crescentic
crests, either down- or upslope shaped depending on migration direction
(see section 7.14). There appears to be a relationship between wave
dimensions and flow velocity (Wynn and Stow, 2002; Symons et al.,
2016).

Unconfined bedforms are more prone to aggrade and form a positive
relief in contrast to small-scale, confined bedforms, where erosion is
thought to play a larger role (Symons et al., 2016).

For Symons et al. (2016) the term “bedform” encompasses seafloor
features of any scale with either negative or positive relief in relation to
the overall seafloor. The former are called scours (erosion dominated)
and the later sediment waves. This distinction may be nominal only
because the processes that form scours can be the same as those that
form other bedform types, and there is also a lack of data for quantifi-
cation. In any case, sediment waves are created by a combination of
deposition and erosion, and their crests are positive relative to the sur-
rounding region of seafloor, whether fully depositional or mixed. The
term sediment wave then does not carry any grain size constraint.

Based on the upslope migration of sediment waves and the compa-
rable symmetrical geometry, Normark et al. (1980) interpreted some
sediment waves as upstream-migrating antidunes. Fildani et al. (2006)
and Lamb et al. (2008) provided evidence that some sediment waves
observed in the submarine environment may be cyclic steps. Cartigny
et al. (2011) introduced criteria to tell which sediment waves can be
classified as cyclic steps based on the likelihood they were formed under
transcritical flow.

The term “mudwave” has also been also used to describe sinusoidal
sediment topography. This term is commonly though not exclusively
associated with contour currents (Flood, 1988). These are large bed-
forms (4 > 1 km, A up to 100 m), composed mostly of fine-grained
sediment (clay and silt) and are often observed to migrate against the
prevalent bottom-current direction, but can also migrate down-current
or only aggrade vertically.
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Our terminology relies on a generic non-specific term to start the
process of classification, namely “bedform”. This is subsequently
modified according to specific characteristics of the bedform and, when
available, according to those of the flow. Informed by the densimetric
Froude number, the terminology can be traced to, and is compatible
with, fluvial flow bedforms. We supplement it with novel terminology
when there is no clear equivalent in fluvial flows, such as supercritical
dunes (see section 7.8). Our terminology provides a comprehensive view
of all transverse bedforms created by down-slope density currents.

7.2. Fluvial and submarine bedforms biases

Rivers, saline currents, and turbidity currents have common features
but also some fundamental differences. Rivers and saline currents flow
with or without sediment load; while turbidity currents are driven by,
and depend on, suspended sediment to move. The density of river water
is three orders of magnitude greater than that of air. In contrast, the
excess density of saline or turbidity currents is typically one or two or-
ders of magnitude lower than the density of the ambient fluid (Parker,
2005; Cartigny and Postma, 2016). The average Fp, in our data is 0.044,
with a standard deviation of 0.019 and a maximum of 0.164.

There is a bias toward subcritical bedforms in our river datasets, also
found in data gathered by Czapiga et al. (2019). This is because most
large rivers run on gentle slopes and in subcritical regime, and also
because there are relatively few data points from steep mountain rivers,
which are more diffult to monitor when in flood.

On the other hand, there is a bias toward upstream-migrating su-
percritical bedforms in field turbidity currents, as pointed out by Symons
et al. (2016). This is in part because most of our field data comes from
steep continental slopes, canyons and deltas, and little data are available
farther downslope on the continental rise and abysal plain where gentler
slopes and subcritical flows prevail. It can also be inferred that bedforms
on the continental rise and beyond are created less frequently, as
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Fig. 24. Kaikoura Canyon bedforms (KA). Morphology of the lower canyon
downstream migrating gravel waves, interpreted to be downstream migrating
antidunes. Color indicates water depth. Inset shows a piece of the longitudinal
profile to illustrate bedform dimensions. See section 6.5 for further details.
Adapted from Fig. 3 in Mountjoy et al. (2018).

turbidity currents may reach these areas less often and may be weaker
than those on continental slopes and in canyons. This may be a mirror of
the intermittency observed in steep rivers where large bedform-creating
floods are sporadic. However there is evidence of subcritical regime
bedforms created by turbidity currents in submarine environments such
as those in the South branch termination of the Laurentian Eastern
Valley.

There are other bedforms farther down on the rise and abyssal plain,
though contour currents may be often involved in shaping them. Con-
tour currents, relatively weak but persistent geostrophic currents flow-
ing along-slope, can rework turbidity current deposits and create
bedforms themselves (Fox et al., 1968; Flood et al., 1993; von Lom-Keil
et al., 2002; Rebesco et al., 2014; Hernandez-Molina et al., 2018; Mir-
amontes et al., 2020; Warnke et al., 2023; Principi et al., 2024). An
example of bedforms shaped by the combined influence of turbidity and
contour currents can be found in the sediment wave field 2, located on
the right flank of the lower Taiwan Canyon (Gong et al., 2012).

It has been suggested that density currents are more prone to su-
percritical flow than rivers, due to the relatively small density contrast
between the current and ambient seawater compared to that between
water and air (Cartigny et al., 2011; Fedele et al., 2016; Talling et al.,
2023). This reduced gravity effect is manifested through a low fractional
excess density in the densimetric Froude number (Eq. 2 and 4) which
favors supercritical flow conditions even under relatively low flow ve-
locities, certainly lower than otherwise needed in fluvial flows. This may
partially explain the abundance of supercritical ripples and dunes in
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density and turbidity currents compared to their scarcity in fluvial flows,
at least within the available datasets (e.g., Fig. 12).

In fluvial flows, water density remains nearly constant and plays
little role in bedform development, even with high suspended loads
-except in hyperconcentrated flows, which are beyond the scope of this
study. However, the excess density in the reduced gravity of density
currents is a variable and it is directly connected to flow speed rather
than flow thickness. This is an additional factor that favors the formation
of low-steepness, upstream migrating bedforms such as UMA, that can
later evolve into CS, both common in submarine environments (see
sections 7.4, 7.13).

7.3. Total or basal Froude number?

We have considered only the basal (lower) layer of the density cur-
rent when assessing the connection between flow and bedforms. The
premise for this split might seem questionable because the upper layer
also plays a role in shaping the density current flow, especially in the
supercritical regime. However, by considering the basal layer alone, the
part of the flow profile that is responsible for creating the bedforms is
isolated (Ohata et al., 2023). The basal layer profile closely mimics
fluvial flow profiles, and thus a good match is found when density
current and river data are plotted together, e.g., the Kennedy phase di-
agram (Fig. 12), using the basal flow properties of density currents. Were
the Froude and wave numbers to be computed based on the character-
istics of the entire flow profile there would be no agreement in the
Kennedy diagram between fluvial and density current bedforms.

We find that the basal Froude number Frgp is higher than the total Fry
in the supercritical regime, whereas the two are very similar in the
subcritical regime based on available datapoints (Fig. 13a). A flow that
is on average faster and thinner and moves under a denser ambient fluid
tends to have a higher Froude number, conversely a denser flow has a
lower one. According to available data it is the former effect that pre-
vails, but the opposite may be true for turbidity currents moving on very
gentle slopes for which we do not have data. While limited, these ob-
servations point to the transition from subcritical to supercritical regime
occurring at an intermediate range of bed slopes around 1 %, where
fluvial and turbidity current Frq collapse. And that, unlike fluvial flows,
turbidity currents Fry diverges from Frgy, and tends to asymptotic for very
gentle and very steep slopes (Sequeiros, 2012).

Estimating the basal Froude number Frg, requires accurate infor-
mation of the entire vertical profiles, and there may be uncertainty as to
what constitutes the ambient fluid in the computation of the basal layer-
averaged fractional excess density Fep. In our calculations, and for the
sake of simplicity, we have considered it with respect to the ambient
fluid p, rather than the density of the upper layer. This may help explain
the transgression of some DMA datapoints into the UMA space in the
Kennedy phase diagram (Fig. 12), in addition to effects of suspended
sediment, stratification (Ohata et al., 2023), and instrumentation and
measurement bias.

Note that some authors, e.g., Symons et al. (2016) use the term “basal
layer” for a thin, coarse, high-concentration near-bed layer. This is not
necessarily the same as the basal layer defined in this study which ex-
tends up to the height above the bed where the peak velocity is found
(see Fig. 1 and section 7.4).

7.4. Flow control

Provided bed slope and grain size remain the same, faster and thicker
flows create larger bedforms. This is observed in flume as well as field
data, and is shown in Fig. 26 where the flow strength is quantified by the
basal specific discharge q, = UpHjp.

Laboratory density currents reveal additional details. Unlike rivers,
larger flow strength in density currents can be attained in different ways.
Larger discharge g increases basal current velocity Up and thickness Hp.
Excess density Fep, on the other hand, increases Uy, but not much Hp. This
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Fig. 25. Laurentian Eastern Valley bedforms. Left: bathymetry of the Laurentian Fan and Valleys adapted from Wynn and Stow (2002) and Hughes Clarke et al.
(1990). Top right: sidescan sonogram at 2500 m water depth with gravel waves (LA1, LA2) interpreted as supercritical dunes at the eastern margin of the Eastern
Valley, adapted from Fig. 5 in Piper et al. (1985). Bottom right: sand bedforms (LA4) interpreted to be dunes at the termination of the Eastern Valley South branch at
4900 m water depth as seen in a mosaic sidescan, courtesy of John Hughes Clarke. See sections 6.6 and 6.7 for further details.
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Fig. 27. Flow discharge control on bedform, and feedback from bedform to

flow. Three instances of supercritical dunes created under increasing flow
strength with the same bed material (P2), bed slope (5 %) and boundary density
(Sequeiros et al., 2010a). Larger flows induce larger bedforms, but bedforms
also affect the density current. Data in table correspond to single profiles, not to
spatially averaged profiles.

has consequences on how a bedform may form, evolve and transition to
a different type of bedform (section 7.13).

There is feedback from bedform to flow as well. Bedform macro
roughness increases friction and enhances turbulent mixing in the basal
layer, especially for those with flow separation on the lee side, resulting
in larger Hy and lower near- bed density pp. Fig. 27 shows three super-
critical dune fields created by density currents of increasing flow
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Fig. 28. Flow density control on bedform. Three supercritical currents over the same bed material (P3), bed slope (5 %) and similar discharge (Sequeiros et al.,
2010a). The lighter currents induce no bedform. The denser current SUP21 forms upstream migrating antidunes (UMA). Other parameters being the same, larger
excess densities increase flow velocity and shear stress but not thickness. They also increase Froude number. Data in table correspond to single profiles, not to

spatially averaged profiles.
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Fig. 29. Slope control on flow and bedform. Supercritical density current and
associated supercritical dunes on 5 % bed slope (left), and subcritical current
and associated dunes on 0.5 % slope (right) from Sequeiros et al. (2010a). Both
bedforms have same bed material (P2) and similar dimensions, but the
subcritical current has much higher basal specific discharge and density than
the supercritical flow. The subcritical dune is slightly more downslope asym-
metric than the supercritical dune. Data in table correspond to single profiles,
not to spatially averaged profiles.

strength, but with the same bed material, bed slope and density
boundary condition. The bedforms created by the weakest current could
alternatively be classified as supercritical ripples. While there is an in-
crease in velocity, thickness and density as the current gets larger, the
largest current has a similar peak velocity uj, to the intermediate current,
and a more well mixed (less stratified) basal layer. As bedforms grow,
the flow density profile may develop an inflexion point which is usually
not observable in supercritical flows with flat bed or ripples. Another net
result of the bedform feedback is to make supercritical flows less su-
percritical by increasing the denominator and reducing the numerator in
the Froude number (Eq. 4).

The distinct role of excess density is seen in Fig. 28. Three super-
critical currents develop over the same bed material and slope with
similar specific discharge. The lighter currents induce no bedform and
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the bed remains plane. The denser current forms UMA. Unlike the effects
of specific discharge, larger excess densities increase flow velocity, shear
stress and Froude number, but not thickness. In fact, the basal layer
becomes thinner. Had specific discharge been increased while keeping
the excess density the same, then DMA would probably have developed
(see section 7.11).

While specific discharge qp will increase if turbidity currents self-
accelerate as both flow velocity Uy and thickness Hy, grow; thickness of
by-passing or depositional flows will also grow downstream because of
water entrainment from the ambient fluid into the upper and eventually
basal layer. Symons et al. (2016) argue that the more stratified the flow
is with the development of a dense and coarse near bed layer, the more
likely that bedforms will be shorter. On the other hand, the more dilute
and well-mixed the flow is, the more likely the bedforms will be longer.
Yet, the matter is not only flow capacity to transport high concentra-
tions, and flow competence to move coarse grain sizes, but also grain
size availability and flow regime. Hence, turbidity currents overflowing
canyon levees will necessarily be more diluted and composed of finer
material than currents remaining in canyons. Conversely supercritical
turbidity currents are overall more stratified than subcritical ones, and
the latter tend to have a relatively uniform and well mixed (i.e. less
stratified) basal (lower) layer (Sequeiros et al., 2010a). These processes,
and their effects on bedform dimensions, are in great part controlled by
bed slope.

7.5. Slope control

Average or regional bed slope controls to a large degree the Froude
number regime and consequently shapes velocity and density vertical
profiles by means of the ambient fluid entrainment, resulting in distinct
profiles for subcritical and supercritical regime (Sequeiros, 2012).

Supercritical flows are overall more efficient at moving coarse bed-
load than subcritical flows and they can induce bedforms with di-
mensions similar to those formed by subcritical flows with lower flow
discharges and densities. Fig. 29 shows two density currents, one su-
percritical and another subcritical, flowing over the same bed material.
Both currents create similar size bedforms, but are very different in
terms of specific flow discharge, density, and shape of vertical velocity
and density profiles. The main reason is that the supercritical density
current moves on a steep bed slope S ~ 5 %, while the subcritical current
moves on a slope an order of magnitude less steep S ~ 0.5 %.

Based on our observations, we can practically rule out subcritical
flows on slopes steeper than ~1.0 % and supercritical flows on slopes
gentler than ~0.3 % (Fig. 13b). There are some observations of flows
with Froude number below unity and S > 1 %, but they pertain to data
points in the Kennedy diagram within or around the upstream migrating
wedge intruding into downstream migrating zones, where flows tend to
be unstable and dificult to measure (Fig. 12). McCave (2017) also found
that a condition for the existence of antidunes under supercritical
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Fig. 31. Grain size control on bedform. Three instances of density currents flowing on the same bed slope (S = 5 %) sediment type (ps = 1530 kg/m®), and very

similar specific discharge and density (Sequeiros et al.,

2010a). The current with the coarsest bed material (dgo = 2870 mm, left) results in upstream migrating

antidunes, the current with bed material dgg = 1875 mm (middle) in downstream migrating antidunes, and the current with the finest bed material (dgp = 248 mm,
right) in supercritical dunes. Data in table correspond to single profiles, not to spatially averaged profiles.

turbidity currents was the requirement of a slope gradient steeper than
0.3 %.

Bedforms seem to occur within a limited range of slopes. In all
experimental and field observations gathered in this study bedforms
occur for slopes gentler than ~20 % (Fig. 13b). In the Comoros archi-
pelago Tzevahirtzian et al. (2021) report bedforms (likely cyclic steps
given their dimensions) on slopes up to 20° (~36 %), but they report
none on the steeper upper reaches where only bedform-less gullies or
channels incise the flanks of the islands. Bedforms are presumably
washed away on steeper slopes. Clare et al. (2018) find a similar pattern
of steep gullies without bedforms (average S ~ 10° ~ 18 %) and gentler

31

channels (S ~ 3°) with bedforms off the coast of Tanna Island, Vanuatu.

Bedform dimensions appear to be related to slope and distance from
the source area. Sediment waves on unconfined settings often decrease
in size downslope (Monterey Fan levee, Normark et al., 1980; Bounty
Channel levee, Carter et al., 1990; Var Fan levee, Piper and Savoye,
1993; La Palma and Selvage wave fields, Wynn et al., 2000a/b; Orinoco
Valley, Ercilla et al., 2002b; Toyama Canyon levee, Nakajima et al.,
1998; Hikurangi Channel levee, Lewis and Pantin, 2002; and Macauley
Volcano, Pope et al., 2018 among many others). Reduction in wave-
length and waveheight may result from loss of speed as the slope be-
comes gentler and the current becomes depositional. However, in some
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unconfined settings such as the Cilaos proximal fan (Sisavath et al.,
2011) and some wave fields in the South China Sea (Zhong, 2025)
wavelength increases downslope.

On the other hand, in more confined settings wave dimensions in-
crease downstream, even when slope decreases, such as in the Lau-
rentian Eastern Valley where the average gravel bedform (interpreted to
be supercritical dunes) wavelength increases from 30 m at 2000 m water
depth to 70 m at 3500 m (Hughes Clarke et al., 1990). The increase in
bedform size could be an indication of a turbidity current accelerating
on the steep upper reaches. This seems to apply regardless of the type of
bedform. In the Malaylay Canyon bedforms become larger downslope
with decreasing slope; even when they likely transition from CS on the
very steep upper reaches (S ~ 20 %) to UMA on the middle reaches (S ~
6 %). Normandeau et al. (2016) report increasing downslope wave-
length of likely CS as slope decreases in the Gravel River delta channels.
The same pattern is found in the bedforms estimated to be CS on the
Sulphur Bay submarine channel in Tanna Island (Clare et al., 2018).
Cartigny et al. (2011) surmise that as the slope gets less steep the dis-
tance required for the acceleration of the flow after each hydraulic jump
on the stoss side increases, leading to longer wavelength bedforms.

Average bed slopes usually decrease downstream, but in some cases
the opposite is true, such as on the slopes of La Réunion Saint-Etienne
sector (Babonneau et al., 2013) where bedform wavelength decreases
with the increase of slope and grain size. The reason for this could be the
rather abrupt transition from steep (~6 %) to very steep slopes (>20 %)
where bedforms tend to be eroded.

7.6. Grain size control

Grain size (which controls skin roughness, e.g., Garcia, 2008) exerts
some control on wave morphology. For example, gravel rich waves have
a greater height for the same wavelength than sand-rich waves (Wynn
et al., 2002). Flemming (2022) summarizes several relations between
grain size and size of ripples and dunes in rivers indicating that coarser
material corresponds to larger bedforms (on average larger wavelength
and waveheight). But this rule of thumb has limited application across
the full spectrum of bedforms because, as mentioned in section 7.1, the
largest bedforms found in unconfined settings are fine-grained, while
coarse-grained bedforms found in confined settings are smaller.

For a given setting, i.e. confined or unconfined, coarser material is
associated with larger bedforms provided the flow has the capacity and
competence to move it. But paradoxically it is unconfined, dilute, and
fine-grained (yet supercritical) currents that create cyclic steps, which
are the largest submarine bedforms observed. Fig. 30 shows grain size
against wavelength made dimensionless by Bonnefille’s method

(Rbg/yz)l/e', with Yalin (1964), Coleman and Melville (1996), and
Flemming (2022) estimations for minimum, mean, and maximum limits
derived for fluvial ripples and dunes. For a given bedform type and
setting, the figure points to coarser grain sizes being associated with
larger bedforms (see also Garcia, 2008). However, no clear trend is
observed among unconfined field CS and UMA, which appear widely
scattered in their own space as the largest bedforms composed of the
finest material.

There is a feedback between grain size (skin roughness) and flow in
the same way that bedforms affect flow (section 7.4), by increasing Hp,
and lowering py, but this appears to be a second order effect.

Grain size seems also to affect what type of bedform is formed.
Provided other factors remain the same, flume experiments indicate that
coarser bed grain sizes favor the formation of UMA, intermediate sizes
favor DMA, and finer grain sizes favor downslope-asymmetrical down-
stream migrating bedforms (SD/SR). Fig. 31 shows three instances of
density currents flowing on the same bed slope, with very similar spe-
cific discharge and density, but over different sediment type. The current
with the coarsest bed material forms UMA, the current with interme-
diate bed material forms DMA, and the current with the finest bed
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material forms SD. All currents are supercritical but the case with flow
separation (SD) has the lowest Froude number.

Grain size may affect asymmetry of CS. Fluvial flume experiments by
Cartigny et al. (2014) found that fine sands (160 pm) may favor
downslope asymmetric CS, and medium sands (350 pm) may result in
symmetric or upslope asymmetric CS.

7.7. Ripples or dunes?

Ripples and dunes are downstream-migrating, downslope-asym-
metric bedforms under subcritical regime with flow detachment on the
lee side. Thus they are geometrically very similar (e.g., Fig. 17) and for
distinctions we have to look at flow characteristics and grain size. Rip-
ples have a viscous boundary layer along the stoss side and its transition
into turbulence. When grain size roughness prevents this from
happening dunes are formed (Garcia, 2008; Zanke and Roland, 2021).
Most of our experimental ripples have ratios of skin roughness over
viscous sublayer kg,/5ys below unity. They do not affect the flow in any
meaningful way, and appear in the Shields diagram only for low Re,
(Fig. 15). The opposite is true for dunes, and video evidence shows
turbulent flow near the bed, significant bedload transport and bursts of
sediment into suspension pointing to a hydraulically rough bottom. The
basal layer upper surface and the interface are gently but clearly affected
by the dunes.

Several criteria were considered to distinguish ripples from dunes.
First is what we call the Yalin-Allen and Yalin-Best criteria based on a
A/dsg threshold of 2000 (Fig. 11b) and a waveheight to current thickness
ratio A/Hp, threshold of 1/6 (Fig. 11a), after Yalin (1964), Allen (1970)

and Best (2005); then the Lapotre et al. (2017) criterion who introduced

the Yalin number y; then the Vanoni (1975) criterion 7* = 317Re“':72'8,

and finally, the viscosity criterion where the threshold is given by the

viscous sublayer being equal to a characteristic grain size yielding 7"
(11.6/Re,)*(e.g., Garcia, 2008) (Fig. 15).

We classify subcritical bedforms first with the Yalin-Allen and Yalin-
Best criteria, and when this is not possible because of missing data, we
apply the Lapotre et al. (2017) method, which is very similar to Vano-
ni’s. The Yalin-Allen and Yalin-Best methods are prioritized because
they are based on easily accessible parameters: flow depth, waveheight,
wavelength and grain size. This approach is also the only one that in-
cludes waveheight in the assessment. It does not feature the shear stress,
as do the other methods, but this is not necessarily a drawback. Esti-
mating bed shear stress in density currents is more difficult than in
fluvial flows and has a larger uncertainty, at least a factor of 2 or 3 based
on Sequeiros et al. (2010a) experimental observations.

The viscous sublayer method does not account for any bedform
dimension and, compared to Lapotre et al. (2017), is more biased toward
ripples in fine sand and toward dunes in coarse sand.

As an alternative to the Yalin-Allen method, a simple threshold of 4
= 0.6 m that many early studies have noted (section 2.2) could also be
used. But we prefer the former because it is dimensionless. The Vanoni
(1975) method is an alternative to Lapotre et al. (2017).

7.8. Ripples and dunes in supercritical regime?

Downstream migrating bedforms formed by supercritical density
currents exhibit diverse morphologies and cannot be grouped together,
as they result from fundamentally different physical processes.

The first issue concerns the distinction between bedforms with and
without flow separation. The latter are symmetrical, sinusoidal, in-phase
with the density current interface, and are termed downstream-
migrating antidunes (DMA). After Fedele et al. (2016) the former are
called supercritical dunes, which are downslope asymmetrical (though
not as asymmetric as subcritical dunes), unlikely to be in-phase with the
current interface and basal layer upper surface and have flow separation
on the lee side (see Fig. 5d). This issue seems to have passed unnoticed in
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fluvial bedforms due to the paucity of “supercritical dunes” observed in
that environment (see section 7.2).

Further distinctions can be made among downstream migrating
bedforms under the supercritical regime with flow separation. It is ex-
pected that for supercritical flow, the effect of viscosity becomes less
relevant because the viscous sublayer should be thinner and may not
play the same role as it plays in subcritical ripples. However, we have
observations of supercritical density currents that develop rather small
bedforms under limited bedload transport. They can be best described as
“supercritical ripples” in view of their size and downslope asymmetry
(Fig. 5a), as well as the estimated ratio between the viscous sublayer
thickness and the skin roughness. Hence, in the supercritical regime we
apply the same criteria that separate ripples from dunes in subcritical
regime, and identify supercritical ripples (SR) and supercritical dunes
(SD).

One might argue this is a matter of nomenclature, suggesting all
bedforms with flow separation be classified as ripples or dunes. How-
ever, de Cala et al. (2020) highlight that subcritical dunes typically form
independently of the flow interface, evolving gradually or through rip-
ple coalescence until they grow large enough to generate sufficient
turbulence to disrupt the interfaces. In contrast, supercritical bedforms
are shaped from the outset by their interaction with waves propagating
along the flow interfaces. This results in varying degrees of coupling
with the flow interface and basal layer—clearly in-phase in UMA and
DMA, and likely out-of-phase in SD. Ripples, regardless of Froude
regime, generally do not influence any flow interface. These distinct
formative mechanisms support differentiating SD from its subcritical
counterpart.

7.9. Cyclic steps or upstream migrating antidunes?

It is not trivial to distinguish CS from UMA without flow evidence.
We can point out some distinctions based on observations. Cyclic steps
are composed of fine sediment up to sand (d* ~ 0.5-10) while UMA are
shifted toward a coarser sediment range well into medium gravel (d* ~
1-100) and beyond if fluvial data are considered (Fig. 14). However,
UMA can also be formed with fine sediment at the boundary of fine sand
and coarse silt, and even muds. Cyclic steps have the widest spectrum of
asymmetry of all bedforms, while UMA are mostly symmetrical with |A|
< 0.25 (Fig. 16, Fig. 17). Cyclic steps are steeper than UMA (Fig. 17) and
have lower wavenumbers when assessed at their supercritical segment
(Fig. 12, Fig. 16). While these parameters provide a guidance for dis-
tinguishing UMA from CS there is a fair amount of overlap.

The role that confinement or lack thereof plays in favoring UMA or
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CS is contentious. It can be argued that confined channels favor UMA
over CS, and the opposite is true on channel levees. On channel thalwegs
bedforms are shaped by coarser sediment, denser, faster and thicker
flows (i.e. larger wavenumber k) which correlates with UMA observa-
tions. On levees and unconfined slopes finer sediment prevails and
thinner flows develop (lower kjp), both associated with CS. Channel
thalweg bedforms are often erosional or bypassing surface features with
little internal structure remaining underneath from antecedent bed-
forms. Levee bedforms are usually depositional and can be easily tracked
throughout the subsurface. These differences are seen in many canyon/
levee systems such as Monterey and Hikurangi (Normark et al., 2002;
Lewis and Pantin, 2002) and channel/slope systems such as the Fraser
Delta illustrated in Fig. 21 (Hill, 2012).

High-energetic steep slopes favor CS over UMA. Antidunes are shown
to form at smaller values of Froude number when compared to cyclic
steps (e.g., Fig. 14, see also Fedele et al., 2016). In general bed gradient
decreases as distributary sections of the turbiditic systems are
approached (section 7.5), thus favoring lower Froude numbers distally,
and promoting formation of UMA instead of CS (Fig. 13b).

Another parameter that may help tell UMA and CS apart is the stoss
side slope S; (Fig. 1). No current can flow against gravity for long before
undergoing a hydraulic jump. Negative S are the norm in submarine
bedforms, but when positive stoss slopes Ss > 0.3 % occur, a hydraulic
jump is unlikely and the bedforms must be UMA (Fig. 18).

As wavelength is a function of discharge, flow unsteadiness forces
adjustments in bedform size (Slootman and Cartigny, 2020). Under
unsteady and transient turbidity currents, such as those triggered by
typhoons in the submarine canyons of the Philippines (Sequeiros et al.,
2019; Porcile et al., 2020), it is possible that both CS and UMA occur
through the waxing and waning stages of the flow. At the peak, during
formative flow conditions, it is believed that bedforms observed in the
middle and lower reaches of the Malaylay Canyon are UMA, and in the
waning stage the flow becomes weaker and thinner with conditions
more conducive for CS (Fig. 23). In the upper and steeper reaches of the
canyon (water depth < 120 m) bedforms are interpreted to be CS also
given the likelihood of thinner flows in the lower relief channels that
connect directly with the shelf break.

The predominance of fine-grained sediments associated with CS may
be explained differently depending on the setting. In channelized set-
tings the transcritical nature of the flow itself can be the reason. The
subcritical stretch may act as a sediment trap for most of the coarse
fraction that happens to be in the flow. Along a train of CS, the coarse
material may be gradually filtered out becoming finer downstream. The
likely CS train in the Sulphur Bay submarine channel described by Clare
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Fig. 32. Upstream and downstream migrating antidunes created under different flows but with the same bed material (P3) and bed slope (5 %) from Sequeiros et al.
(2010a). Right: UMA created by high-density low-discharge flow. Bottom left: DMA formed by high-density intermediate discharge flow. Top left: DMA formed by
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et al. (2018), where grain size rapidly and progressively becomes finer
downstream from dsp/dgg ~ 295/600 pm to 90/350 pm within a few
steps in the upper part of the canyon, seems to be a case in point.
Conversely, CS on channel levees are created by turbidity currents that
are composed from the beginning by the fine diluted upper fraction of
the suspended sediment in the part of the current that manages to
overspill the canyon. The Toyama Canyon levees have bedforms that
seem to morph from CS to UMA downslope, the sediment on the stoss
sides is commonly coarser than on the lee sides and downstream-fining
is observed in both CS and UMA resembling features alike (Nakajima
and Satoh, 2001).

Upstream migrating antidunes can also be composed of fines. This
may be especially applicable to those located downstream of a train of
CS that morph into less steep and smaller bedforms on the distal part of
levees or unconfined settings as the slope becomes gentler and the
current more depositional such as interpreted in the NE lower conti-
nental rise of the South China Sea (Wang et al., 2025), and in the
overbank bedform field south of the lower Taiwan Canyon (a.k.a. South
Taiwan Shoal, Zhong, 2025). Instances abound where levee bedforms
proximal to the channel are large and steep, but distally they become
smaller and less steep (but still migrating upslope), as in many fields
mentioned in section 7.5 (e.g., Bounty, Toyama, La Palma, Hikurangi).
We interpret these as CS gradually morphing downslope into UMA, as at
some point bedform waveheight is low enough for the flow to go over it
without breaking (and creating the hydraulic jump). In these cases, UMA
and CS are of the same order of magnitude.

Our assessment agrees with Cartigny et al. (2011), who find that
upslope migration together with a wide range of asymmetrical shapes,
lack of cross-bedding indicative of streamwise migration and internal
structures dominated by back-set bedding make a CS interpretation
reasonable.

It has often been argued that antidunes are unlikely to preserve
stable internal structures, as is often found in sediment waves, due to
their unstable and breaking nature. This is based on experimental work,
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Fig. 33. Downstream migrating antidunes (bottom) and transitional Super-
critical dunes (top) created under different flows but with the same bed ma-
terial (P3) and bed slope (5 %) from Sequeiros et al. (2010a). The larger thicker
current induces the bedform on top, with imminent conditions for flow sepa-
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but it should not be taken as an absolute and extrapolated to field
bedforms, for most antidunes produced in the laboratory were not in a
net-aggradational setting that would favor preservation, and our ex-
periments show that stable antidunes are also possible. The bedforms in
the middle Malaylay canyon (Philippines), interpreted to be UMA, are
uniquely documented by neat subsurface imagery (Fig. 23). The internal
bed stratigraphy is well preserved on the stoss side with erosion on the
lee side. If the bedform is net erosional (as in the upper canyon steeper
slopes) the internal stratigraphy will be poorly preserved. West et al.
(2019) report several preserved bedforms in outcrops, some of which
seem to have been antidunes in deepwater slopes.

Laboratory studies near a model canyon-fan transition show that bed
shear stress decreases when density or turbidity currents shift from su-
percritical to subcritical flow (Garcia, 1994). This reduction signifi-
cantly lowers bedload transport capacity, leading to sediment
accumulation just downstream of the hydraulic jump (Garcia and
Parker, 1989). This suggests that changes in bedforms characteristics
found in outcrops (e.g. antidunes to ripples-dunes) may indicate a
change in flow regime via an internal hydraulic jump.

7.10. When antidunes become cyclic steps

Transition from DMA (Spinewine et al., 2009) and UMA (Fedele
et al., 2016) into CS have been observed in experimental density cur-
rents. Fedele et al. (2016) describe how the antecedent UMA undergo a
random or sequential transition to CS through flow choking and
appearance of an internal hydraulic jump. As the Froude number
increased, for middle-sized sediments (P11), the UMA waveheight grew
to trigger a quick and direct transition to CS. During the transition, the
interface crest lagged slightly behind the UMA crest (also seen in
Fig. 8a). The transition was direct, without the formation of either un-
stable antidunes or chutes-and-pools, as commonly reported for the
fluvial case (e.g., Cartigny et al., 2014). The key feature is the over-
growth of the UMA crest becoming a local obstacle, inducing a hydraulic
jump, and the flow regime becoming transcritical with the formation of
stable CS. In the transitional early stage, the CS are of the same order of
magnitude as the UMA. Spinewine et al. (2010) describe a similar pro-
cess of UMA transitioning into would-be CS but with much coarser
sediment (M1).

The process above described may happen in tandem with a steep-
ening of the bed slope due to more sediment accumulation proximally
and gradual thinning of the deposit in the downstream direction. This
steepening was noted by Spinewine et al. (2009) as the bed slope
gradually increased from S ~ 6 % to 9 % with medium-grained sediment
(P5), and the bedforms evolved from DMA to CS. The transition from
DMA to CS is not unlike that from UMA to CS; the difference being that
the shorter DMA goes through a more chaotic/erosive process until the
longer CS are established. The transition may be instigated by an inci-
sion into antecedent bed deposits at a given location, resulting in
additional deposition just downstream of it. Sediment reworked by DMA
becomes an obstacle to the flow, triggering the hydraulic jump that leads
to the CS. As the first CS matures, several new CS are formed in sequence
downstream, with an average wavelength at least four times longer than
the antecedent DMA wavelength (see Fig. 8b).

Steeper slopes seem to favor CS formation, and to be a factor in
triggering the transition to CS starting from DMA or UMA. This is con-
jectured in the Malaylay Canyon, where the steeper bedforms on the
steep upper reaches (S ~ 11-21 %) are interpreted to be CS, and the
gentler bedforms on the less steep middle reaches (S ~ 4-7 %) are likely
UMA.

Seismic profiles also reveal UMA likely evolving into CS, e.g. in the
overbank bedform field south of the lower Taiwan Canyon (Zhong,
2025) where bedforms appear to initiate as small reliefs (possibly
incipient antidunes), and gradually evolve into larger scale bedforms
over time.

For fluvial flows Cartigny et al. (2011) show that there can be a
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gradual transition between short antidunes and CS. If Froude number
increases over a train of antidunes, part of the train of antidunes starts to
break while other parts return to UPB. This triggers a much longer

slightly undulating bed beneath the antidune train that will then amplify
and form a CS.

7.11. Upstream or downstream migrating antidunes?

Whether a bedform migrates upstream or downstream depends on
many factors, including bed sediment size (section 7.6, Fig. 31). Changes
in flow conditions can also result in bedform migration reversal. Fig. 32
shows cases of DMA and UMA created under the same bed material and
slope but by different density currents. The more elongated UMA is
associated with a high-density, low-discharge (thin) current. The shorter
and steeper DMA is associated with a high-density intermediate-
discharge current; and the larger DMA with a low-density high-
discharge current. All currents are supercritical, with increasing wave
number kp from UMA to DMA. The ratio Hp/A increases from UMA to
DMA. This indicates that, other variables being the same, thinner high-
density flows tend to favor low-steepness upstream bedform migration;
and that even changes in specific discharge alone can result in bedform
migration reversal.

For fluvial bedforms, Kennedy (1960) noted cases where small flow
changes led to either upstream or downstream migrating antidunes. Our
observations agree with Ntnez-Gonzalez and Martin-Vide’s (2011) en-
ergy balance theory, valid for symmetrical sinusoidal bedforms, which
predicts that for a given Froude number, DMA are formed under higher
wave numbers than UMA, and that DMA attain steeper A/ ratios than
UMA.

While thicker flows favor downstream migration, very thick flows

may allow detachment on the lee side resulting in the more asymmetric
SD bedforms.

CONFINED
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7.12. Downstream migrating antidunes or supercritical-regime dunes?

Downstream migrating antidunes (DMA) and supercritical dunes
(SD) are arguably the least observed bedforms at field scale, though
some cases are known or plausibly interpreted (sections 6.5 and 6.6).
Flow separation on the lee side of the bedforms and the associated
downslope asymmetry are the distinct features that set SD apart from
DMA. The factors that favor transition from DMA to SD are the same
ones involved in transition from UMA to DMA: namely, flow discharge
and density (section 7.4), and bed grain size (section 7.6).

Fig. 33 shows a DMA and a DMA transitioning to SD, both cases
formed with the same bed material and slope but by different flows. The
more symmetric DMA is formed by a current with lower discharge than
the more downslope-asymmetric bedform, whose velocity profile has
some early signs of flow separation on the lee side (i.e. recirculation cells
below the crest level). Both currents are supercritical, but the one
without flow separation more so. The basal flow wave number kj and
ratio Hp/A are larger in the case with flow separation. This indicates

that, other variables being the same, thicker high-discharge flows favor
flow separation.

7.13. Bedform development and transition

Previous sections have been devoted to describing different bedform
types, as well as the control and feedback between bed slope, flow
characteristics, grain size and bedform dimensions and shape. The
process is complex and far from being fully understood. Under flume
conditions the antecedent bed profile is usually plane. All observed
bedforms are created from scratch and develop after a certain time into
stable conditions. The exception are CS, which cannot be created
starting from a plane bed, and need either a slope break (Fildani et al.,
2006) or antecedent bedforms from which they can emerge (section
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7.10). The known required antecedents for CS are DMA and UMA, and
SD could also be counted.

In principle, a gradual transition among bedforms is possible for a
given slope and bed material provided discharge (a proxy for shear
stress) is gradually increased mimicking the waxing stage in a natural
unsteady current. If a steady flow is imposed from the beginning, in-
termediate transient bedforms may form before stable (asymptotic)
bedforms are attained, e.g., the appearence of ripples before dunes are
eventually formed by their coalescence (e.g., Coleman and Nikora,
2011). These boundaries have been studied for fluvial flows with
empirical and theoretical approaches (e.g., McLean, 1990; van den Berg
and van Gelder, 1993; Carling and Shvidchenko, 2002; Fourriere et al.,
2010; Colombini and Stocchino, 2011; Nunez-Gonzalez and Martin-
Vide, 2011; Lapotre et al., 2017; Ohata et al., 2017).

In the case of density currents, de Cala et al. (2020) assessed devel-
opment of bedforms under steady as well as waning flows. Under waning
currents, pre-existing bed states can determine the subsequent evolution
of bedforms, hence not all changes can be reversed in the short term by
returning to original flow conditions. It was found that after UMA are
developed by a formative flow, superimposed subcritical dunes and later
DMA can develop over the relic UMA during the waning stage. Under
antecedent bedforms, the evolution of later bedforms can be non-unique
depending on multiple factors, including how fast the transient waning
stage is for the bedforms to adjust. The proposed UMA/CS mode for the
peak/waning stages over the bedforms in the Malaylay Canyon is akin to
these observations (section 7.9).

Based on our experimental matrix we infer the following:

1) Larger basal specific discharges qp increase current velocity Uy and
thickness Hp, inducing larger bedforms. For downstream migrating
bedforms, in particular with flow separation, it also facilitates larger
wavenumbers kp. This applies regardless of Froude number regime,
and is also valid in fluvial flows.

Excess density, a variable directly related to the speed of density
currents plays a distinct role. It increases U, and induces larger
bedforms, but does not increase Hp. In bedforms without flow sepa-
ration, especially upstream migrating, this favors smaller kp. We
argue that, in addition to the reduced gravity effect that favors su-
percritical flows, the additional degree of freedom provided by the
excess density can be another reason for the prevalence of upstream
migrating bedforms in the submarine environment.

2

—

We propose some simple guidelines to distinguish changes in flow
conditons that favor the development of one bedform over another given
a certain slope and bed material for supercritical flow regime. These are
not, however, intended to be used as hard rules for transition among
bedform types.

1) If specific discharge and wavenumber increase in tandem (dg, >
0 and oJkp > 0), then this favors the formation of SD over DMA, and
DMA over UMA.

2) If excess density increases in tandem with wavenumber reduction
(0F¢p, > 0 and 0kp, < 0), then this favors formation of UMA over DMA,
and in both cases leads to eventual CS formation due to further
bedform steepening.

The underlying assumption is that, for a given bedform type, changes
in bedform waveheight and wavelength are proportional (01 ~ dA),
which beyond the observed data spread is a reasonable assumption
(Fig. 10).

Bedform regime diagrams indicate what type of bedforms will
develop for specific formative conditions (e.g., flow strength and grain
size). They should not necessarily be understood as diagrams describing
transition from one bedform to another, though under some simple and
controlled conditions, i.e. monotonic increase of discharge, they may
function in that way too.
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7.14. Migration direction and concavity of bedforms

Knowing migration direction is the first step to interpret bedform
type. Erosion at the lee side of the bedform is a strong indicator for
upstream migration (UMA/CS), because downstream migrating bed-
forms only erode their stoss sides. The clearest indication of migration is
the internal structure, where backsets point to upstream migration,
while foresets indicate downstream migration (Cartigny et al., 2011).
This information is not always available though.

When viewed from above, the concavity of bedform crests (i.e.
“crescentic” shape) in confined settings may reveal migration direction.
Under supercritical flow conditions concave up-channel bedforms tend
to migrate downstream (Kaikoura) and concave down bedforms tend to
migrate upstream (e.g., Monterey, Squamish, Malaylay) as sketched in
Fig. 34. That the point of maximum displacement along the bedform
crest tends to be in the thalweg points to side wall effects that lower
bedform migration celerity in the transverse direction away from the
thalweg, arguably by the additional friction the side walls of the
canyon/channel present to the flow. Larger flow depths and less friction
make it more likely that maximum velocities occur at the channel
thalweg (e.g., Wynn et al., 2002; Cartigny et al., 2011; Symons et al.,
2016).

Subcritical bedforms migrate only downstream. Yet, under subcrit-
ical flow conditions, downslope migrating barchanoid dunes may also
have concave down-channel crests (e.g., Amazon River, de Almeida
et al., 2016), but the processes behind this particular bedform are not
related to channel side wall effects. Barchanoid bedforms can also be
formed by contour currents in areas of hard substrate and low sediment
supply (Wynn and Stow, 2002). In any case they are an exception to the
“concavity rule”, although barchan-shaped bedforms under density
currents have not been clearly reported to date.

In unconfined settings bedform crests may have an undulating si-
nusoidal shape (e.g., Symons et al., 2016; Porcile et al., 2020) with
alternating down and upslope concavity and migration direction cannot
be detected from them. Whenever channels carve out an unconfined
slope such as the Monterey East Channel and the Magasawang-Tubig
Channel do (Fildani et al., 2006; Porcile et al., 2020), the “concavity
rule” still applies because some degree of confinement is created.

Wide canyons and valleys, while technically providing some degree
of confinement, may be more than an order of magnitude wider than
bedform crest length. Yet, it is not uncommon to find trains of bedforms
in narrower and shallower corridors that act as de facto channels within
the channel and may exhibit some degree of crest concavity (Symons
et al., 2016). For example, the many channels within Chenal Vincent off
the eastern coast of La Réunion, Ollier et al., 1998; Saint-Ange et al.,
2013).

In radially unconfined settings, however, crest concavity should not
be used to infer bedform migration. Concave upward crescentic super-
critical bedforms can migrate upstream when formed by currents
spreading radially from a point source such as mouth of canyons, fans,
and submarine volcanos. The bedforms on the southwest flank of the
submarine Macauley Caldera are such an example (Pope et al., 2018).

7.15. Bedload and suspended load

Suspended to bedload ratio plays a role in bedform formation, but
this has been underinvestigated in field studies. Cartigny (2012) con-
jectured that bedform stability diagrams might depend on the density of
the turbidity current basal layer. Among other effects, under thick “high-
density” currents ripples and dunes would be washed away and replaced
with plane bed regime. These so-called “high-density” turbidity currents
speculated to have near bed volumetric concentrations ranging from 0.3
to 0.5 (i.e., more than four times higher than the average equivalent
basal layer concentration in our experimental density current dataset)
could be partially explained as dense bedload driven by the current basal
layer. Recent work in fluvial environments that may apply to density
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currents is discussed in the Supplementary Material.
7.16. What has been excluded

Sediment bedform types that are mostly shaped by internal waves
have been excluded: e.g., those in the Navarinsky Canyon head, Central
Adriatic Shelf; Llobregat Prodelta, Valencia Slope (Karl and Carlson,
1982; Karl et al., 1986; Cattaneo et al., 2004; Urgeles et al., 2011; Ribo
et al., 2016). Also excluded are bedforms associated with tides, such as
in the Whittard Canyon, distal Monterey Canyon at 1850 m water depth
(Lo Iacono et al., 2020; Wolfson-Schwehr et al., 2023); those associated
with contour currents as in Fluvia-Muga, Uruguay and northern
Argentina Slopes (Urgeles et al., 2011; Hernandez-Molina et al., 2018;
Principi et al., 2024); and shallow water currents as in the Ebro Pro-
delta (Urgeles et al., 2011). Likewise, features associated with slope
failure or creep such as on the Sarno Prodelta, Corigliano Basin in the
western Gulf of Taranto, or the western flank of Raoul Island (e.g.,
Sacchi et al., 2005; Rebesco et al., 2009; Pope et al., 2018) have been
disregarded.

All of these phenomena result in transverse sediment bedforms or
bedform-like features that are sometimes difficult to tell apart from the
bedforms generated by bottom density flows that are addressed in this
study. Criteria to distinguish bedforms created by contour and turbidity
currents, and both of them from creep folds are provided by Wynn and
Stow (2002) and Rebesco et al. (2009).

Finally, bedforms buried deep in the sedimentary record have been
excluded when the observable bed slope is deemed to have changed due
to deformation and tilting. The Early Cretaceous sediment waves, likely
CS, in the Guinea Plateau described by Duarte et al. (2025) are such an
example.

8. Conclusions

We carried out a comprehensive study of the bedforms created by
density currents encompassing both experimental and field data and
contrasted them with fluvial bedforms. We conclude that:

o All bedform types observed in rivers are also created through sub-
marine processes, but in different proportions. Subcritical dunes in
particular seem to be rare in the submarine environment, where
supercritical bedforms prevail. This is probably due to the elevated
Froude numbers associated with reduced gravity; scarce observa-
tions on deep and gentle-sloped submarine environments, and the
reworking there by deep contour currents. This mirrors the scarcity
of supercritical dunes in fluvial flows.

In addition to the reduced gravity effect that favors supercritical
flow, the additional degree of freedom provided by the excess density
as a variable in density currents can be another reason for the
prevalence of upstream migrating bedforms in the submarine
environment.

Bedform type similarities are found throughout a span of five orders
of magnitude in bedform dimensions for subcritical and supercritical
regime ripples/dunes, downstream- and upstream-migrating anti-
dunes, and cyclic steps.

When density currents are evaluated based on their basal (lower)
layer characteristics, the same boundaries that distinguish fluvial
bedforms also apply to subaqueous bedforms across established and
newly introduced regime diagrams. As pointed out by Ohata et al.
(2023), we argue that accurate prediction of bedforms formed by
density currents is only possible when using metrics from the basal
layer.

The new regime diagrams contribute to bedform interpretation in the
field, by suggesting a reduced number of unknown input parameters
to establish paleoflow hydrodynamics.
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e New criteria are proposed to interpret and distinguish bedform types
and summarized in a practical flow diagram (Fig. 20) with direct
application in sedimentology, geology, and engineering.

e We introduce simple guidelines to understand how changes in flow
conditons, grain size, and slope may favor the development of one
bedform over another.

Glossary
Basal layer the lower part of the current, from the bed to the point of
peak velocity u,

C canyons and channels

CS cyclic step

D dune formed under subcritical flow regime

DMA downstream-migrating antidune

F fans and islands

In phase when the crests and troughs of the bedforms are mostly

aligned with the crests and troughs of the interface (or the
basal layer upper surface, which is the interface between the
basal and upper layers).

Interface surface between the upper layer and the ambient fluid

L channel levees

LPB lower-regime plane bed

Out of phase the opposite of ‘in phase’

R ripple formed under subcritical flow regime
S slopes, rises and basins

SD dune formed under supercritical flow regime

SR ripple formed under supercritical flow regime
Subcritical bedform bedform formed under subcritical flow regime
Supercritical bedform bedform formed under supercritical flow regime

Sw standing wave bedform

T transitional bedform, e.g., from one type of bedform to
another

UMA upstream-migrating antidune

UMAT  upstream-migrating antidune transition to CS

Upper layer the upper part of the current, from the point of peak
velocity u, to the interface with the ambient fluid

UPB upper-regime plane bed

Notation

A asymmetry parameter =(Lstss — Liee) /4

d; characteristic diameter in the i™ grain size

d, geometric mean grain size = (d84d16)1/ 2

dso median sediment grain size

a* dimensionless grain size (Bonnefille) = dso (Rbg/uz)l/ ' =
(Rep)m

F, layer-averaged fractional excess density = (p — p,)/p

Fep layer-averaged fractional excess density of the basal layer =
0y — pa) /Py

Frq densimetric Froude number of the current= U/./F.gH

Frg densimetric Froude number of the current basal layer =
Us//FergHy

g gravitational acceleration

H layer-averaged flow thickness

H; flow thickness from the bed to the interface

Hy basal flow thickness, measured from bed to uj, (for fluvial
flows H ~ Hp)

Hb*A dimensionless basal flow thickness (Allen) = Hj/dso

Hb*B dimensionless basal flow thickness (Bonnefille) =
Hy (Rbg/’fz)l/3

ksn skin roughness = 2.5 dgp

k dimensionless bedform wavenumber =2zH/A

kp dimensionless basal bedform wavenumber =27zH},/4

Lice length of the lee side of the bedform
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Litoss length of the stoss side of the bedform
q specific discharge = UH

b basal specific discharge = UpH,

qs specific volume sediment transport rate (bedload and
suspended)

Unig bedform migration rate

u flow velocity

up peak flow velocity

U shear velocity = +/7/p;

Ug skin shear velocity = +/74/p}

U layer-averaged flow velocity

Uy layer-averaged flow velocity of the basal layer

Up*B dimensionless layer-averaged basal flow velocity (Bonnefille)
= Up(Rogv ) /°

Ry near-bed submerged specific density of sediment =
(ps = pv)/Py

Re, particle Reynolds number = +/gRydsodso/v = (d')*/* =
Re'/(r")'/?

Re* shear Reynolds number = u+dso /v :Rep(r*)l/ 2

S average bed slope

S average stoss side slope = S — A /Lgtoss

T; inflow temperature (lab)

Ty flume water temperature (lab)

20 bed roughness height

Sys viscous sublayer = 11.6 v/us-

o mobility parameter of the basal flow
=Uy?/ [Rydso(18 log(4H, /doo) )° |

K Von Karman coefficient = 0.405

A bedform waveheight

A dimensionless bedform waveheight (Allen) = A/dso

p) bedform wavelength

A dimensionless bedform wavelength (Allen) = 1/ds

2B dimensionless bedform wavelength (Bonnefille)
—A(Rpg/1?)"?

AL dimensionless bedform wavelength (LaPotre) =Au- /v

v kinematic viscosity of the fluid

p density of the flow

P layer-averaged flow density

Pb layer-averaged flow density of the basal layer

Pa density of the ambient fluid above the interface

Db near-bed density of the saline/sediment-laden flow

Ps density of the sediment

oy geometric grain size standard deviation =(dgs/dy)"/>

Tp bed shear stress

Ths bed shear stress (skin friction component)

Tof bed shear stress (drag component)

T dimensionless shear stress (Shields number of bed mobility)
=7/ (PpRp8ds0)

(A skin shear fraction of *

T5* drag fraction of 7*

X Yalin number = Re" V7" =17"Re,

¢ bedform steepness = A/2
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org/communities/gravityflows/. The file lists all relevant, measured or
calculated experimental parameters that have served as inputs to con-
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