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ABSTRACT

Equilibrium sediment transport is the condition of zero net entrainment and
deposition by sediment-transporting flow (i.e. grade or regime). Here criteria
for equilibrium sediment transport, or those used as proxies for equilibrium
(for example, onset of erosion, onset of particle setting or suppression of tur-
bulence) for dilute, suspended-load-dominated, turbidity currents, are tested
against laboratory and natural data. The examined criteria are restricted to
those describing flow over a bed of loose particulate material involving non-
cohesive sediment. Models include both monodisperse and polydisperse for-
mulations that represent sediment non-uniformity by using a single charac-
teristic grain size or discretization of the grain-size distribution, respectively.
Analysis shows that a polydisperse-type flux-balance model, that equates
erosional and depositional fluxes and where erosion is related to the power
used to lift sediment mass from the bed (the ‘Flow-Power Flux-Balance’
model) provides predictions most consistent with observational data. Other
equilibrium models tested, monodisperse or polydisperse, fail to predict
realistic bed slopes and/or flow durations for concentrations, velocities and
depths within limits for natural flows. Results of the Flow-Power Flux-
Balance model are used to quantify sediment transport fields, equilibrium
Shields numbers and slopes for turbidity currents of variable flow and parti-
cle properties.

Keywords Equilibrium, erosion, sediment transport, turbidite, turbidity
current.

INTRODUCTION

Turbidity currents are an important agent of
downslope sediment transport in submarine and
lacustrine environments, representing some of
the most far-travelled and voluminous sediment
transport events on Earth (Meiburg & Kneller,
2010; Talling et al., 2013; Azpiroz-Zabala et al.,
2017; Wells & Dorrell, 2021). The behaviour of
these currents, the geomorphology they impose
on the sea or lake-floor and the stratigraphic
architecture they build is fundamentally linked
to their ability to maintain sediment in suspen-
sion (Kuenen, 1937; Bell, 1942; Middleton &

Hampton, 1973; Parker et al., 1986; Kneller,
2003; Dorrell et al., 2015). Sediment suspension
is determined by the hydraulic properties of the
flow, but also the character of the sediment in
suspension and on the bed, that together dictate
the maximum grain size (i.e. flow competence)
and maximum amount of sediment (i.e. flow
capacity) that can be transported (Kuenen &
Sengupta, 1970; Komar, 1985; McLean, 1992;
Hiscott, 1994; Dorrell et al., 2013, 2018). Unlike
rivers, turbidity currents are driven by their
excess density compared with the ambient fluid
due to the presence of suspended sediment and,
therefore, their flow behaviour is highly
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Fig. 1. Schematic diagram showing the instantaneous slope profile (solid line) and the time-averaged graded equi-
librium slope (dashed line) a channel theoretically adjusts towards over time through erosion or deposition.
Depending upon flow, sediment and substrate conditions, the slope may be out-of-grade where erosion is greater
than deposition (1), at grade without net erosion nor deposition (2), or out of grade where deposition is greater

than erosion (3).

sensitive to deposition and erosion: deposition
may result in collapse of the flow as it loses its
driving force, whilst erosion may lead to the
flow becoming increasingly erosive or ‘ignitive’
as its driving force increases (Parker, 1982; Par-
ker et al., 1986; Pantin et al., 2011; Halsey et al.,
2017).

Assuming an erodible bed of loose sediment,
equilibrium describes the condition of zero net
erosion and deposition (Smith & Hopkins, 1973;
Garcia & Parker, 1991, 1993; Garcia, 2008; Dor-
rell et al., 2013, 2018; Amy & Dorrell, 2021), and
critically defines the boundary between ero-
sional and depositional regimes. This sediment
transport state also represents the minimum
condition for complete sediment bypass, or ‘by-
passing flow’ sensu Stevenson et al. (2015). In
turbidity currents it is questionable whether
‘equilibrium flow’ sensu stricto occurs (Halsey et
al., 2017), since even under conditions for
which steady-uniform flow might be expected,
for instance given a constant discharge at the
source, entrainment of ambient fluid will cause
temporally varied flow (Wells & Dorrell, 2021).
However, a stable or pseudo-stable equilibrium
between erosion and deposition, or a steady-
state equilibrium involving mildly erosive and/
or mildly depositional flow may be hypothe-
sized (Halsey et al., 2017). Moreover, under cer-
tain regimes of stable stratification where water
entrainment is suppressed, flows may also be

able to approximate equilibrium flow conditions
(Kneller et al., 2016). Whether equilibrium as
defined above is considered to occur within
steady-uniform flow or to be a transient phe-
nomenon, both flow and sediment parameters
must determine the boundary between erosion
and deposition, which in turn dictate equilib-
rium slope (grade) and equilibrium slope profile
(graded slope profile) towards which systems
attempt to evolve through time (Fig. 1; Pirmez et
al., 2000; Kneller, 2003; Prather, 2003; Janocko
et al., 2013). A number of criteria have been
developed that describe equilibrium conditions
for suspended-load-dominated flows that may be
applicable to turbidity currents (Table 1). How-
ever, these have received limited validation, lar-
gely due to a lack of suitable observational data
and, as noted by Stevenson et al. (2015), a vali-
dated model for accurately predicting equilib-
rium (or sediment bypass) remains lacking.

The following paper: (i) reviews sediment
transport by turbidity currents and criteria for
equilibrium; (ii) introduces a new equilibrium
criterion based on modification of the flow-power
flux-balance (FPFB) model for suspended-load-
dominated open channel flow (Dorrell et al.,
2018); (iii) compares model predictions with
observational data from experimental laboratory
flows and modern systems to show that the flow-
power flux-balance model provides more robust
predictions than other approaches (such as
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simple competence or capacity based criteria for
suspended-load-dominated flow; e.g. Komar,
1985; Hiscott, 1994; Leeder et al., 2005) or those
implemented within depth-averaged hydraulic
models (e.g. Parker et al., 1986; Halsey et al.,
2017); and (iv) explores predictions of the flow-
power flux-balance model for a number of differ-
ent aspects of sediment transport. The results
have implications for understanding the trans-
port, erosion and deposition of particulate mate-
rial by low-concentration turbidity currents, and
more widely potentially for the prediction of
stratigraphic architecture of basin margins,
hydrocarbon reservoirs and stratigraphic traps
(Amy, 2019), and the storage of pollutants such as
microplastics (Kane & Clare, 2019; Pohl et al.,
2020a) and organic carbon (Schliinz & Schneider,
2000; Galy et al., 2007; Stetten et al., 2015) in
deepwater lacustrine and seafloor environments.

METHODOLOGY

Sediment transport by shear flow

Some key aspects of sediment transport by shear
flows over an erodible bed, involving non-
cohesive particles, is considered before dis-
cussing equilibrium sediment transport models
for suspended-load dominated flow. Shear from
a flow imparts tangential and normal forces on
solid boundaries including particles resting on
the bed. The bed shear stress, 7+ [kg m™" s7*], of
a dilute turbidity current flowing down a slope,
S [m m™'], may be characterized by the shear
velocity, u?=7:/p [ms™'], or by the dimension-
less Shields number, that describes the ratio of
fluid shear stress to the median gravitational
weight of a submerged particle, defined as:

T

0 Zhd, (1)
where g [ms™?] is the acceleration due to gravity,
d; [m] the characteristic particle diameter and
Ap=p,—p [kg m?] is the difference between par-
ticle density and fluid density (Shields, 1936).
Herein, unless noted otherwise, the characteristic
grain size of suspended-load-dominated transport
is taken as dj=ds, the median particle class in
suspension, following Bagnold (1966) and
Soulsby (1997). Results are presented here using
a modified Shields diagram: i.e. Shields number,
0, versus the median phi grain size,
¢ =—log,(10°d) (Krumbein, 1934).

Here a polydisperse system of i = 1...N dis-
crete particle classes is considered. After
Soulsby (1997), the critical Shields number, 6,;,
for incipient motion of sediment of diameter, d;,
is given by the empirical formula:

ecizHg%zDsﬁo.ow(l —e 0020y (2)
where the djmensionless particle diameter,
Ds;i = (gAp/pv?)id;, with v [m* s7"] being the fluid
kinematic viscosity. From Eqgs 1 and 2, the criti-
cal shear velocity is thus u? ; =6.gApd;.

After Soulsby (1997), the particle settling
velocity, wg; [ms™1, is predicted by an empirical
formula covering a combined viscous plus bluff-
body drag law for natural irregular sand grains:

1
2

Wi = d% (10367 +1.049D%) ~10.36)  (3)

For shear velocities greater than the particle set-
tling velocity, ux > ~wy;, it is commonly consid-
ered that entrained particles can be suspended
within the flow: the Rouse-based criterion for
suspended-load-dominated flow (Rouse, 1937;
Bagnold, 1966; Soulsby, 1997). The concentration,
ci(Z), of particulate material carried in suspension
at height above the bed, z=hZ [m], where h [m] is
flow depth and Z is the dimensionless height
above the bed, is given by the Reynolds averaged
mass conservation equation (Rouse, 1937):

%%Cj(Z)—l—WSjCj(Z) =0 (4)
Here the eddy diffusivity, K [m* s™'], describes
diffusive mixing of sediment in suspension by
turbulent fluid motion as K=«u+Lf(Z), being a
function of the: von Karméan’s constant, « [-];
shear velocity, u«; a flow mixing length scale, L
[m], yielding a mixing length ratio A = L/h (Dor-
rell & Hogg, 2012); and a structure function, f(Z),
that describes the vertical variation in eddy diffu-
sivity with dimensionless flow depth. For open
channel flow it is often assumed that the flow
mixing length L=h, and that the structure func-
tion f(Z)=Z(1—Z). From this the Rouse profile
gives the fractional volumetric concentration,
c¢i(Z) [particle volume/total volume], of each par-
ticle class as:

7t 1_7 16
) (5)

cilZ)=cj <ﬁ7

where ¢ is the volumetric sediment concentra-
tion at a dimensionless near-bed height
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Z*=0.01 (Soulsby, 1997) and ;= wy;/xu- is the
dimensionless Rouse number. The total volu-
metric concentration of sediment in suspension
is thus, C(Z):Zi]\ilcj(Z), and the depth-
averaged volumetric concentration of sediment,
c=[,c(Z)dz.

In turbidity currents the velocity maximum is
closer to the bed than in open channel flow and
thus shear and near-bed turbulent mixing is
enhanced (Buckee et al., 2001). Moreover, unlike
open channel flow, turbidity currents are charac-
terized by unstable flow ambient-fluid interfaces
(Kneller & Buckee, 2000, and references therein).
Therefore, although turbulent mixing processes
in turbidity currents remain poorly understood
(Dorrell et al., 2019; Wells & Dorrell, 2021), it
may be assumed that increased shear and mix-
ing towards the lower and upper flow bound-
aries results in a more uniform eddy diffusivity
profile, in comparison to the parabolic profile
used in open channel flow models (Soulsby,
1997). A constant eddy diffusivity thus may be
considered more appropriate for turbidity cur-
rents where K =«ku+L, with a flow mixing length-
scale A=L/h=1/6 (Dorrell & Hogg, 2012); the
corresponding sediment concentration profile is:

1

ci(Z)=cie ## (6)

Hydrodynamic equilibrium of turbidity
currents

For turbidity currents flowing down a slope a
balance of forces is implied that allows flow
velocity and shear velocity to be related to
slope. The dimensionless ratio of gravitational
to inertial forces, the bulk Richardson number:

_ gRch

Ri
72

(7)

is a measure of bulk flow stability, where u
[ms™'] is the depth-averaged flow velocity and
R =p,/p—1 the submerged specific gravity of
the sediment. Based on the dimensionless bulk
Richardson number, the equilibrium slope for
equilibrium turbidity currents (i.e. where Ri is
constant and there is no net-erosion or net-
deposition) is given in terms of a force-balance
equation (see, e.g. Abad et al., 2011):

1
RiS=C4+ E, (1 + 531’) (8)

In the force balance Eq. 8 the gravitational
force driving the flow is balanced by (skin)

Equilibrium conditions for turbidity currents 5

friction drag at the lower boundary, C4 [-], and
drag induced by momentum lost to entrained
ambient fluid (which increases the height of the
centre of mass of the flow). Model results are
sensitive to the drag coefficient. Assuming
highly turbulent natural flows (Reynolds num-
ber, Re >10°), laboratory data suggest that the
skin drag coefficient is typically of order 107°
(Cossu & Wells, 2012; Wells & Dorrell, 2021).
Field measurements of natural density currents
also lead to estimates of order 10~ (Cossu &
Wells, 2012). In this work a basal drag coeffi-
cient, C4=0.0025 is assumed (Wells & Dorrell,
2021). The dimensionless ratio for ambient fluid
entrainment is, to leading order:

a

Ev =37 w )

where the empirical constants a=0.00153 and
b=0.0204 (Parker et al., 1986; Abad etal.,
2011). It should be noted that the controls on
ambient-fluid entrainment are complex (Wells &
Dorrell, 2021), depending on the Richardson
number, but also the Reynolds number (Peltier
& Caulfield, 2003; Caulfield, 2021) and the gradi-
ent Richardson number (Stacey & Bowen, 1988;
Kneller & Buckee, 2000; Sequeiros et al., 2010;
Kneller et al., 2016). For simplicity, this study
relies on the leading order assumption, Eq. 9,
that has been employed previously (e.g. Parker
et al., 1986; Abad et al., 2011).

Morphodynamic equilibrium of turbidity
currents

Various models have been used to describe equi-
librium conditions of turbidity currents. These
models have been implemented within
modified-Chezy, box (integral), depth-averaged
(shallow-water) and depth resolved (Navier-
Stokes) type turbidity current models (for useful
summaries of turbidity current model types refer
to Kneller & Buckee, 2000; Meiburg & Kneller,
2010; Meiburg et al., 2015). A distinction may
be made between equilibrium criteria that con-
sider: (i) what material can be held in suspen-
sion, and does not account for sediment
entrainment; and (ii) those that assess the bal-
ance between sediment entrainment and deposi-
tion. Here equilibrium models are discussed
covering a variety of approaches, noting that this
represents only a subset of proposed models and
specific model assumptions employed within
previous studies (Table 1). The final model dis-
cussed — the flow-power flux-balance model - is
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Fig. 2. Comparison of (A) equilibrium Shields number and (B) equilibrium slope predicted by equilibrium models
for turbidity currents (*), and for comparison open channel flows (), versus median particle size. Model results
assume a flow depth, h=50 m, concentration, ¢=0.1%, and a uniform particle size. (C) Probability distribution of
slopes for submarine canyons and channels based on data reported by Harris & Whiteway (2011) and Konsoer et

al. (2013), respectively.

adapted here for application to turbidity cur-
rents based on the model of Dorrell et al. (2018).
A comparison of these models highlights the
markedly different model predictions for equi-
librium Shields numbers and slope, and thus
what particle sizes could be transported on nat-
ural submarine slopes (Fig. 2). Comparisons are
made assuming flows of water transporting silica
particles, where p=1000kg m™, p,=2650
kg m™ and v=1x10"% m* s™'. The models con-
sidered here assume and are limited to relatively
dilute turbidity currents in which particle con-
centration and cohesive effects are negligible.
They thus do not describe phenomena, such as
hindered settling (Richardson & Zaki, 1954;
Davies, 1968), particle flocculation and gelling
(Buscall, 1990; Kranenburg, 1994; Amy et al,
2006), and turbulent enhancement or dampening
(e.g. Baas et al, 2009), that may occur within
relatively high concentration or clay-rich flows.
Furthermore, many models assume a uniform
grain size (i.e. monodisperse models). In the
case of non-uniform sediment sizes, monodis-
perse models use a single representative grain
size in order to characterize the settling velocity,
often the mean or median value (Rouse, 1937;
Einstein, 1950; van Rijn, 1984; Garcia & Parker,
1991; McLean, 1992; Zyserman & Fredsoe, 1994;
Camenen & Larson, 2008). It is unclear what, if

any, grain-size percentile is appropriate to uti-
lize in monodisperse models for a robust
description of suspension dynamics of poorly
sorted mixtures (Bagnold, 1966; Komar, 1985;
McLean, 1992). Here the authors have chosen to
consistently use the median particle size of sus-
pended material for the characteristic grain size,
dj=dso, and characteristic settling velocity, wy;
(McLean, 1992; Dorrell et al., 2018). Alternative
percentile particle sizes may be chosen, how-
ever, they may all be criticized as failing to
describe the dynamics of the finer or coarser
particle classes, respectively (Komar, 1985;
McLean, 1992; Dorrell et al., 2018).

Rouse competence criterion

Rouse-based criteria are derived from the Rouse
equation for suspended sediment distribution in
a shear flow (Rouse, 1937). It may be argued that
flows should be competent to support sediment
of a specific size in suspension if their particle
settling velocity is smaller than the upward tur-
bulent component of velocity (Rouse, 1937; Bag-
nold, 1966). Given a fixed smooth boundary, the
upward velocity component of turbulent flow is
similar in magnitude to the shear velocity (Leeder
et al., 2005, and references therein). Thus, as a
first approximation flows may be considered com-
petent to suspend particles given us>~w; (i.e.
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the Rouse criterion). The Rouse criterion is
widely used to define the boundary between bed-
load-dominated and suspended-load-dominated
transport fields, and for turbidity currents has
been applied for the onset of deposition (e.g.
Komar, 1985; Mulder et al., 1997) and equilib-
rium conditions (Kneller, 2003).

Defining a specific value for the ratio of parti-
cle settling velocity to shear velocity, B=w/us,
that signifies suspension is problematic. The
bedload-dominated to suspended-load-dominated
regime boundary is by nature transitional and
hence difficult to define (Parsons et al., 2015).
Values for B=w,/u+ proposed to signify the
regime boundary vary from 0.4<B<1.8 (summa-
rized by Komar, 1980; Burr et al., 2006). This
variation in B may reflect differences in the (as-
sumed or actual) asymmetry of vertical turbulent
velocities (Bagnold, 1966), ratio of diffusive mix-
ing of momentum to diffusive mixing of sedi-
ment, i.e. the turbulent Schmidt number (van
Rijn, 1984; Bennett et al., 1998; Cellino & Graf,
1999), and the different definitions applied for
the threshold of suspension. The Rouse criterion
is evaluated herein taking an upper and lower
value of B for the threshold of suspension as:

Wy _

B= 1 (10a)
U=
and;
B:VZSjZO'3 (10b)

that may be considered to cover the range in the
required shear stress for suspended-load domi-
nated flow. van Rijn (1984) and Nifio et al
(2003) concluded that ws=u+ (Eq. 10a) defines
an upper limit of the bed shear stress at which a
concentration profile of suspended sediment
starts to develop. Dade & Friend (1988) adopted
a criterion of B<0.3 (Eq. 10b), somewhat lower
than most other studies, for predominantly
suspended-load-dominated sediment transport.
A value of B=0.3 was also found to provide a
best fit to data for equilibrium open channel
flows (Dorrell et al., 2018). The two relations,
Egs 10a and 10b, are shown in Fig. 2. The criti-
cal shear stress using these relations is directly
governed by the particle settling velocity, with a
change in the gradient of proportionality
between particle settling regimes. Assuming
B=1 in order to predict equilibrium Shields
numbers and slopes gives relatively low values
compared to the other models discussed here

Equilibrium conditions for turbidity currents 7

(Fig. 2). Applying B=0.3 (Eq. 10b) suggests sub-
stantially higher values, comparable to other
models for coarser grain sizes (¢ >2) (Fig. 2).

Hiscott capacity criterion
A significant limitation of the Rouse criterion
for suspension, as previously discussed by
others (e.g. Hiscott, 1994; Leeder et al., 2005;
Stevenson et al., 2015), is that the flow capacity
(i.e. amount of mass a flow can suspend) is not
taken into account. Flow capacity has been
inferred to be the most critical factor controlling
deposition from sediment gravity flows, notably
given the relationship between the excess den-
sity and potential energy of currents, with some
arguing that flows are likely to be at or near
capacity, notably at the onset of deposition (His-
cott, 1994). Hiscott (1994) employed the concept
of capacity-driven deposition, where sedimenta-
tion occurs when the amount of suspended par-
ticles exceeds the capacity of the flow, ch>T.
The flow capacity (concentration) is defined by:
I'=p,c'h (11)
where p, is the integral of the relative concen-
tration (c/c') over the dimensionless flow
depth, estimated by Hiscott (1994) using an ana-
lytical approximation for the Rouse profile, Eq.
5. This approach has been adapted to model
polydisperse turbidity currents (e.g. Kubo, 2004;
Kubo et al.,, 2005; Teles et al., 2016). Since a
relation for the reference concentration ¢* was
not specified to close Eq. 11, the procedure
employed by Hiscott (1994) does not allow for
an independent analysis of equilibrium shear
stress. Instead, an initial value for capacity, T,
was imposed by Hiscott (1994), assuming a flow
depth, density and slope and solving for the bed
shear stress, 7+ =pg’'hS, where the reduced grav-
ity of the current, g'=g(p,—p)/p [ms™?] and
p. [kg m™°] is the density of the current. This
methodology, however, imposes no limit on the
near-bed concentration resulting in unrealisti-
cally high values of ¢ for high g values. More-
over, the bed shear stress relation
unsatisfactorily yields an equilibrium u« invari-
ant of particle size, corresponding to a Shields
relationship that follows, @ d;, (Fig. 2). His-
cott’s (1994) approach is thus not considered
further in the present work.

Alternatively, imposing a limit on ¢, the con-
dition I'=ch may be found to be a function of
wsn/ux, where wgy denotes the settling velocity
of the largest particle size. For instance, assuming

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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¢; =roc; where ro=2, yields the critical condi-
tion for the onset of settling, I'=ch, equivalent to
wen/ux = 0.08 (Kubo, 2004); noting here, assum-
ing a constant value of the coefficient, ry, neglects
the effect of particle size-dependent stratification
on the near-bed particle size concentration. Thus,
making these assumptions to solve Eq. 11 pro-
vides the same functional relationship for equilib-
rium as the Rouse criterion (Eq. 10), albeit
providing higher values for Shields number given
wg/ux =~ 0.08, herein referred to as the Hiscott-
Kubo criterion (Fig. 2).

Leeder capacity criterion
Leeder et al. (2005) proposed an alternative
capacity-based criterion for the maintenance of
suspension based on the ratio of fluid vertical tur-
bulent momentum to suspended solid momen-
tum, expressed in terms of shear velocity as:
_ pu? S
Ao 1g ! 1

where m [kg m~2] is the mass of suspended sedi-
ment per unit area. Here Eq. 12 uses the dimen-
sionless form provided by Stevenson et al
(2015). This criterion, however, like the
approach used by Hiscott (1994), does not
account for the effect of particle size. Given the
dependency of both particle stratification and
the near-bed particle concentration on particle
size, flow capacity must also be influenced by
particle size (as discussed by Dorrell et al,
2013). Given the same suspended mass, there-
fore, A also unsatisfactorily results in a constant
value for shear velocity with particle size where,
9 x dy,, and a constant value for slope (Fig. 2).

Cantero turbulence suppression criterion

Cantero et al. (2012) derived a criterion for the

onset of turbulence suppression, that they argue

can operate in dilute (c<~1%) turbidity cur-

rents at the base of a flow due to flow stratifica-

tion, based on direct numerical simulations:
Rikp;

@ >1 (13)
where the shear stress Richardson number,
Ri. = (g(ps/p—1)ch)/u?, and the critical value
beyond which suspended sediment extinguishes
turbulence K;=0.041In(u«h/v)+0.11. For this
criterion, values greater than unity imply the
onset of stratification-related turbulence suppres-
sion and thus implies deposition. This model
predicts relatively high values of equilibrium

Shields numbers that have a relatively weak
dependency on particle size with a maxima at
dso ~2¢ (Fig. 2). It may be noted that this crite-
rion is based on a simplified model of a turbidity
current without ambient water entrainment, and
does not explicitly account for the dependency of
turbulence suppression on particle size (Bennett
et al., 1998), nor the potential for regimes under
which particles may cause turbulence enhance-
ment (Elghobashi, 1994).

Parker and Halsey flux-balance models

Many models have terms for the downward
depositional flux of particles near the bed, Wscj’,
and the upward erosive flux of particles from
the bed, Esc], where E; is a dimensionless coef-
ficient of bed sediment entrainment (Garcia &
Parker, 1991). Equilibrium conditions are thus
given when there is a balance in fluxes. This
approach has been utilized for instance within
depth-averaged turbidity current models (e.g.
Parker et al., 1986; Zeng & Lowe, 1997; Kubo,
2004; Halsey etal., 2017), where sediment
entrainment is commonly modelled as:

AZ5.
Ej=——F"¢5 (14)
1+ mzui
where the dimensionless tractive stress;
Ux*
Zui :—Hegi (15)

si

the particle Reynolds number Re,; = \/Pl_gdf’/ 2 v
and the constant A=1.3 x 1077 (Garcia & Parker,
1991). Erosion occurs if Z,;> 7., where Z, is the
critical value for the onset of significant suspen-
sion and limited by a maximum value, Z,, (Parker
et al., 1986; Garcia & Parker, 1991; Garcia & Parker,
1993). Results applying the model of Parker et al.
(1986) to solve for the equilibrium condition:

N N
Z C?_Wsi = Z WsiEsi (16]
i=1 i=1

are shown in Fig. 2, using their original assump-
tions, where clf =TiCj, o= 1+31.5(u*/wsj)71‘46,
Es;i=0 for Z,;<Z;, Esi=3 x 10122;'10(1 - (Zc/Zuj))
for Z.<Z,i<Zy, Esi=0.3 for Z,;>Z,, n=0.,
Z.=5 and Z,,=13.2. This suggests a markedly
different form of equilibrium compared to other
models discussed so far (Fig. 2). Based on the
Parker et al. (1986) approach, Halsey et al
(2017) proposed that equilibrium may also be
approximated by the onset of erosion described
by:
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Wsj V Bepi (1 7)

assuming Z.=19, which provides a similar
result to the Parker et al. (1986) model (Fig. 2).

Flow-power flux-balance model

Dorrell et al. (2018) proposed a theoretically
derived closure for sediment erosion and thus the
equilibrium criterion for open channel flow,
where depositional flux balances the erosional
flux of particles. This theoretically derived model
has been shown to provide a good fit to open
channel flow data by Dorrell et al. (2018). Fur-
ther, the cubic dependence on shear velocity has
been independently reproduced using empirical
multi-variant regression analysis of a large data-
set for sediment transport by de Leeuw et al.
(2020). Equation 6 is used here to modify this
model for application to turbidity currents (see
also Cris6stomo-Figueroa et al., 2020). The
criterion is derived from a one-dimensional sedi-
ment suspension model, Eq. 4, for flow over an
erodible substrate where particles are freely
exchanged between the flow and the bed via an
‘active layer’ (Hirano, 1971). Entrainment rate as
modified by the active layer and bed concentra-
tion is given by c; /cmEs, where c¢; is the indi-
vidual particle class concentration for the active
layer and c;, = 0.6 the bed packing concentration
(Dorrell & Hogg, 2010). The parameter Eg;
denotes a flow-depth dependent entrainment
function, describing the power required to lift
sediment into suspension (Dorrell et al., 2018),
given by:

3

. :gzﬁ(max[uf —u3,,00)F  (18)
where £=13.2 is an empirical parameter
describing entrainment rate, based on a best fit
to ten separate experimental datasets for equilib-
rium open channel flows (Dorrell et al., 2018).
Deposition rate is given by the near-bed concen-
tration of the suspension assuming Z*=0.01
and particle settling velocity, ¢; wy. Equilibrium
flow is thus defined as satisfying:

c; N
L Eg=clwgV;and Y ¢; =cn (19)
=1

m =

for all particle class sizes. The flow-power flux-
balance model takes into account both the com-
petence and capacity of the flow, and also
accounts for particle size distribution effects, that

Equilibrium conditions for turbidity currents 9

have a marked influence on equilibrium condi-
tions (McLean, 1992; Dorrell et al., 2013; Amy &
Dorrell, 2021). Shields numbers and equilibrium
slopes predicted by this model follow a similar
form to those of the Cantero et al. (2012) model
(Fig. 2). For comparison the open channel flow
formulation of the flow-power flux-balance model
is also shown in Fig. 2. The results of these for-
mulations depart for particle sizes dso<6¢ with
the deviation becoming greater with increasing
particle size.

RESULTS: MODEL PREDICTIONS
VERSUS OBSERVATIONAL DATA

Comparison of equilibrium flow models with
laboratory data

In this section, predicted model equilibrium
Shields numbers are compared to data from lab-
oratory flows. Ideally observational data would
come from natural flows and whilst there is a
growing amount of information for monitored
flows (see Talling et al., 2013; Clare et al., 2020;
and references therein), these generally have
sparse concentration measurements and it is
usually unknown whether flows are erosional or
depositional at the time of measurement. There-
fore, data are used from selected published
experimental studies for sustained laboratory
turbidity currents in straight channels with suit-
able flow concentration, velocity and particle
size distribution measurements (Gray et al.,
2005, 2006; de Leeuw et al., 2018; Sequeiros et
al., 2018; Eggenhuisen et al., 2019; Pohl et al.,
2020b). Whilst there are a large number of other
laboratory studies these are unsuitable for the
present analysis, since they involve fully or par-
tially solute driven currents, currents with high
particle concentrations (>10%), highly unsteady
or non-uniform flow due to input setup or tank
geometry, or lack the necessary flow measure-
ments. The six laboratory studies used here
include data for experiments with depositional,
decelerative  (implying depositional), non-
depositional ‘bypassing’ (implying equilibrium
or erosional) and accelerative (implying ero-
sional) flow conditions. All experimental cur-
rents have bulk concentration ¢<11% and
Reynolds numbers Re=uh/v>7000. The flows
reported by de Leeuw et al. (2018), Eggenhuisen
et al. (2019) and Pohl et al. (2020b) have rela-
tively high bulk concentrations (7-10%), such
that particle-particle interactions may contribute

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology



10 L. Amy et al.

or be the dominant sediment support mecha-
nism near the bed.

The depth-averaged properties of laboratory
flows were calculated using reported measured
vertical profiles of concentration and velocity
within the body of currents (see Appendix A2).
The Shields numbers for reported laboratory
currents were calculated using the bulk Richard-
son number dependent force balance for quasi-
equilibrium flow Eq. 8 (see Appendix A3). Fig-
ure 3 shows observed Shields numbers for labo-
ratory flows, 6,, compared to predicted model
equilibrium values, 6., from the equilibrium
models discussed above. Assessment of the
models may be made based on whether models
predict the correct sediment transport regimes
(i.e. depositional, 6,<6, versus erosional
0,>0,p). Using this approach shows that the
Rouse, Leeder, Cantero and Parker models do
not effectively distinguish erosional and deposi-
tional experimental flows. The Rouse criterion,
Eq. 10, provides substantially lower predicted
0¢p values compared to observed 6,, placing all
or most experiments into the erosional field
(Fig. 3A). The Leeder and Cantero models pre-
dict all flows to be in the depositional regime,
with the exception of high concentration bypass-
ing flows - data from de Leeuw et al. (2018),
Eggenhuisen et al. (2019) and Pohl et al. (2020b)
— for the Cantero model where 6, ~ 6., (Fig. 3C
and D). The Hiscott, Halsey and flow-power
flux-balance models (Fig. 3B and E) make ade-
quate predictions for sediment transport regime
in all or most cases.

Comparison with natural equilibrium slopes

As a further test of model performance, equilib-
rium conditions predicted by models are com-
pared with information from the Madeira Channel
System, which uniquely offers a dataset where
recent (Quaternary) flows are inferred to have
bypassed their entire sediment load, without leav-
ing a deposit nor substantially eroding the channel
and where the particle size distribution carried by
flows may be estimated (Stevenson et al., 2013).
Slopes for the Madeira Channel estimated from
the modern sea floor bathymetry are ca 107* m m™*
and the bulk particle size distribution of bypassed
material may be assessed based on the large num-
ber of cores taken from the distal Madeira Abyssal
Plain [Stevenson et al. (2014): see Appendix A4].

It is assumed that flow within the Madeira
Channel System involves suspended-load domi-
nated currents; this inference has been made by

Talling et al. (2007) and Stevenson et al. (2013).
It has also been speculated that bypassing cur-
rents within the Madeira Channel System may
have transformed from higher-concentration
debris flows traversing the Agadir basin-plain
(Talling et al., 2007). Whilst there are no depos-
its recognized in the channel axis, the character
of deposits located on the channel margin sug-
gest deposition from flow with relatively low
sediment concentrations (Stevenson et al.,
2013), although higher concentration flow would
be expected within the channel thalweg (Peakall
et al.,, 2000; Eggenhuisen et al., 2019). Whilst
flow thickness is unknown, the depositional
record suggests that these flows had minimum
depths greater than the channel depth, i.e.
h>20-30 m (Stevenson et al., 2013). Compar-
ison of slope and median grain size estimated
for the Madeira Channel flows by equilibrium
models is shown in Fig. 4A. Here, model inputs
were chosen in order to provide the broadest
spread of results given variable flow depth, con-
centration and particle standard deviation
within expected natural limits. This analysis
separates models into those that either under-
predict slope (Rouse model), over-predict slope
(Cantero model) and those where observational
data fall within the range of model results (all
other models). The under and over-prediction of
slope made by the Rouse and Cantero models
are consistent with their misprediction of labo-
ratory current Shields numbers (Fig. 3).

Predicted flow concentration, depth and
duration

The equilibrium models are next further evalu-
ated based on their respective predictions of
flow concentration, depth and duration for
bypassing flows of the Madeira Channel System.
Figure 4B shows computed equilibrium slopes
for varying flow depths and concentrations,
assuming a median particle size ¢ =5 and for
polydisperse models a phi log-normal particle
size distribution with a standard deviation
0=1.26 (average values for the Madeira Abyssal
Plain deposits). As may be seen, to satisfy a
slope appropriate for the Madeira Channel of
ca107? (red contour line), models predict sub-
stantially different ch values. The Hiscott-Kubo,
Parker and Halsey models predict lower values
of ch compared to the flow-power flux-balance
model. The Rouse, Cantero and Parker models
do not provide a solution for ca 10~® equilibrium
slope in the limits of ¢ and h considered.
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Table 2. Summary of model performance where colours indicate: (i) green for correct model predictions; (ii) yel-
low for partially correct model predictions and; (iii) grey for incorrect model predictions. Model correctness is
judged in terms of how well models predict observational data and whether models predict physical parameters
within the limits considered reasonable for natural low-concentration turbidity currents.

Comparison to

Model regimes (Fig. 3)

Prediction of Madeira
laboratory current flow Channel flow
equilibrium (Fig. 4A)

Prediction of Madeira
Channel flow
durations (Fig. 4C)

Prediction of
Madeira Channel
slope (Fig. 4B)

Flow-Power
Flux-Balance
Hiscott-Kubo
Halsey

Parker

Rouse with B=0.3
Rouse with B=1.0
Cantero

Model estimates of flow duration may also be
made for the Madeira Channel flows (Fig. 4C),
since the total mass of sediment transported by
individual flows can be approximated from their
deposits. Based on extensive seafloor coring, beds
5, 7 and 12 are estimated to have volumes, V},
within the Madeira Abyssal Plain of 30, 110 and
190 km?, respectively (Stevenson et al., 2013). The
sediment volume transported by each flow into
the basin via the Madeira Channels is given by,
Vs= Vypcm, where Vy is the total transported sedi-
ment volume, V} the bed volume and assuming a
packing concentration, ¢, =0.6 (Dorrell & Hogg,
2010). The flow duration is given by, T=V,/Q,,
where the sediment flux, Q, = cua, was computed
assuming a range of flow depths and depth-
averaged flow velocities, applying equilibrium val-
ues of ch for S=10"° (Fig. 4B). The area of the
flow, a, was estimated by integrating the flow depth
above the bathymetric profile. Here it is assumed
that currents with heights greater than the channel
depth would have spread laterally to the confining
basin margins (see Appendix A5). Evidence that
flows were not confined to a single channel comes
from sediment cores indicating that individual flow
events, including those that deposited beds 5 and
12, utilized both northern and southern channels
located 40 to 50 km apart (Stevenson et al., 2013;
Fig. A2). Alternatively, assuming flows were nar-
rower than the full basin width would increase the
predicted flow duration. The depth-averaged flow
velocity for equilibrium conditions, calculated for
each model, using Eq. 8, is also plotted (Fig. 4C).
Again, flows are assumed to have a median particle
size, ¢ =5, and standard deviation, ¢ =1.26, based
on the average bulk values for beds in the Madeira

Abyssal Plain. Analysis for the Rouse, Cantero and
Parker models, that do not solve S=10"° in the
limits of ¢ and h considered appropriate for natural
flows, are omitted. Based on this analysis it may be
seen that the flow-power flux-balance model pre-
dicts flow durations of one to ten days at the equi-
librium velocity of 2.8 m s™' (comparable to depth-
averaged flow velocities within the Congo sub-
marine channel (Vangriesheim et al., 2009)). In
comparison, all other models considered predict
relatively low equilibrium velocities (0.18-
0.54 m s™') which correspond to unrealistically
long flow durations >10? days (Fig. 4C).

DISCUSSION

Summary of model comparison and controls
on equilibrium

In the presented analysis, a number of different
models have been evaluated using observational
data for turbidity currents. A summary of the perfor-
mance of models is provided in Table 2. The results
show that the flow-power flux-balance model pro-
vides predictions that better fit observational data
compared with the other models examined. Whilst
some other models provide predictions for Shields
numbers and slopes compatible with observational
data, predicted flow durations are far in excess of
those known for natural turbidity currents, whose
longest recorded durations are 10 to 14 days (Tal-
ling et al., 2013; Azpiroz-Zabala et al., 2017).

As for dilute open channel flows (Dorrell et
al., 2018), the success of the flow-power flux-
balance model is ascribed to its ability to account
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A:h=100,c0/=0.1,0<0<2
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Fig. 5. Flow-power flux-balance model predicted equilibrium Shields number and equilibrium slope versus med-
ian particle diameter for variable particle size standard deviation, ¢ (A & B), concentration, ¢ [%] (C & D) and flow
depth, h (E & F). The threshold for motion, u+=ux,, and suspension, u+=ws,, are shown by solid and dashed

lines, respectively, noting minimum and maximum values for the former are shown in (D) and (F).

for both flow capacity and competence limits on
sediment transport. Also, critically it explicitly
takes into account particle size distribution, funda-
mental to controlling the amount of material in
suspension in shear flows (McLean, 1992; Dorrell
et al., 2013). Model results using the flow-power
flux-balance model illustrate the sensitivity of equi-
librium Shields number and slope to the standard
deviation of the particle size distribution, o, flow
concentration, ¢, and depth, h (Fig. 5). (Here and
for subsequent presented results of the flow-power
flux-balance model, particle size distribution is

specified in the model a priori by a log-normal dis-
tribution discretized into N size classes with a phi-
scale bin size of 0.01, truncated to the central 99%
region of the probability function to avoid overly
small and large particles in the analysis.) The
parameters o, ¢ and h impose an order of magni-
tude variation on equilibrium Shields number com-
parable or larger than the variation caused by
median grain size over —2<¢<8. The magnitude
of equilibrium slope is proportionally related to
particle size distribution but inversely related to
flow concentration and depth. When varied
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individually these parameters have a relatively
modest impact on the equilibrium slope (Fig. 5).
However, when varied together predicted slopes
vary by as much as three-orders of magnitude for
the same value of dj, (Fig. 4A).

The analysis suggests that the Rouse criterion
for suspension, previously used as a criterion for
the deposition of erosional-depositional thresh-
olds (Komar, 1985; Mulder et al., 1997; Kneller,
2003), substantially under-predicts equilibrium
Shields numbers and slopes. Here the characteris-
tic settling velocity, wg;, used for the Rouse crite-
rion (and other monodisperse models) is defined
by the median particle size. As discussed previ-
ously, there is uncertainty as to the best grain size
percentile, if one exists, to use for monodisperse
models. Given the under-prediction of equilibrium
shear stresses using dsp, application of a per-
centile that corresponds to a higher settling veloc-
ity should provide results with a closer agreement
with observational data. However, examination of
the flow-power flux-balance model suggests that
equilibrium may not be predicted by a constant
ratio, B=w,j/ux, based on a single representative
particle size, including those approximating the
maximum particle size such as the dg9 (Fig. 6).
Hence, these results agree with previous assess-
ments of the Rouse criterion being an inadequate
measure of suspension dynamics (Hiscott, 1994;
Leeder et al., 2005; Dorrell et al., 2018).

Sediment transport regimes

Regimes of sediment transport are classically
defined by: (i) the Shields criterion for initial

1 2

motion, 6., above which the i® particle class
will begin to move as bedload; and (ii) the
Rouse (or Rouse-Bagnold) criterion, 6y, for sus-
pension above which dilute particle suspensions
will dominantly be transported by turbulence
with limited contact with the bed. These criteria
allow the distinction of four sediment transport
fields: (i) no sediment transport; (ii) bedload
motion; (iii) bedload and suspended load; and
(iv) suspended load alone where suspended sedi-
ment is already in the flow but may not be
entrained from the bed (Fig. 7A) (e.g. Leeder et
al., 2005, and references therein). For turbidity
currents the Rouse criterion has been applied as
an equilibrium criterion and taken to indicate the
depositional-erosional (e.g. Komar, 1985; Mulder
et al., 1997; Kneller, 2003); noting a similar appli-
cation for open channel flows (e.g. Lynds et al.,
2014). As highlighted above, the Rouse criterion
is not a robust measure of equilibrium conditions
for turbidity currents, agreeing with previous
work for open channels (Dorrell et al., 2018). The
flow-power flux-balance model implies a mark-
edly different equilibrium relationship in modi-
fied Shields space (0=f(¢)) with substantially
higher shear stresses compared to the Rouse crite-
rion (Fig. 7B). Moreover, it indicates that equilib-
rium, for any single median grain size, is non-
unique, i.e. flows of the same median grain size
with different ¢, h or o require different shear
stresses for equilibrium (Fig. 5).

Considering the regimes of bedload-dominated
and suspended-load-dominated sediment trans-
port (Fig. 7A) and erosional and depositional
flow regimes (Fig. 7B), four sediment transport
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near-bed sediment transport

regimes may be defined assuming disequilib-
rium conditions: (1) deposition with direct parti-
cle fallout and no traction as bedload; (2)
deposition with traction as bedload before final
deposition; (3) deposition with the possibility of
transitory resuspension before final deposition;
and (4) erosion under suspension-dominated
transport (Fig. 7C). This four-fold regime divi-
sion is comparable to the scheme proposed by
Halsey et al. (2017). Regimes 1 and 2 equate to

proposed near-bed sediment
transport regimes in (C).

the ‘direct fall-out dominated’ and ‘traction-
dominated’ flow boundary zones proposed by
Branney & Kokelaar (2002) for ‘fully dilute’
particle-laden density currents. Regime 3 could
involve transitory resuspension or unsteady
deposition (Halsey et al., 2017). This may occur
for instance in the form of pulsatory deposition
with periods of erosion, as for instance associ-
ated with ‘laminar sheared layers’ (Sumner et
al., 2008). Depositional regimes will be highly
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Fig. 8. Flow-power flux-balance
model results for equilibrium slope
versus median grain size for low
concentration, thick flows (LDTC)
where ¢c= 0.01% and h=200 m and
high concentration, shallow flows
(HDTC) where ¢= 1% and

slope, S (m m1)

h =10 m, for well-sorted (WS)

6 =0.01 and poorly sorted (PS) 6 =2
sediment loads. Probability
distribution of slopes for submarine
canyons and channels based on

data reported by Harris & Whiteway 04
(2011) and Konsoer et al. (2013),
respectively. Dashed horizontal
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dependent on the suspended load fall-out rate
(Lowe, 1988; Arnott & Hand, 1989). Under high
fallout rate conditions in any of the depositional
regimes 1 to 3, relatively high concentration
‘granular’ or ‘fluid-escape’ dominated flow
boundary zones may develop, during which
bedload traction sensu stricto would not operate
(Branney & Kokelaar, 2002).

Critical slope for erosion/deposition

Equilibrium conditions dictate the sediment trans-
port behaviour of flows on slopes (deposition ver-
sus erosion) and in turn the long-term evolution of
the slope profile and resulting stratigraphic archi-
tecture (Kneller, 2003; Prather, 2003). The flow-
power flux-balance model highlights the wide
range of equilibrium slope, that marks the thresh-
old for erosion or deposition, that may arise from
realistic ranges in flow and particle parameters of
turbidity currents (Figs 4A and 5). This is consis-
tent with the observed three-order variation in
slope of submarine channel systems, that are
inferred to be in equilibrium with their formative
flow events, and the difficulty in normalising slope
for these systems with respect to bankfull channel
characteristics (Konsoer et al., 2013).

Figure 8 shows model results for equilibrium
slopes versus median grain size for relatively: (i)
thin and concentrated; and (ii) thick and dilute
flows and for cases of well-sorted and poorly
sorted sediment loads. Also shown in Fig. 8 are
canyon and channel slopes of modern systems

100 1000
particle size, d50 (pm)

(Harris & Whiteway, 2011; Konsoer ef al., 2013).
These results illustrate the limits on erosional
regimes in slope systems, noting that for erosion to
occur the bed slope is required to be higher than
that for equilibrium. For most canyon systems, only
currents carrying suspended material with
dso<ca 200 um, or for slope channels material
with dsg<ca 50 pm dso<ca 50 um, are predicted
to be erosional; currents carrying sediment with a
coarser median particle size are predicted to be
depositional (Fig. 8). Even exceptionally thick and
highly concentrated flows carrying well-sorted sed-
iment, require sediment to have median grain sizes
less than very coarse sand on typical canyon
slopes, or fine sand on channel slopes, for erosional
regimes (Fig. 4A). Alternatively, viewed from the
perspective of critical slope for equilibrium, turbid-
ity currents carrying sand grade material should
commonly exhibit depositional behaviour, even on
relatively steep slopes (107'-10° m m™"), especially
if carrying poorly sorted material. This appears to
be in agreement with observations of modern
turbidite systems, such as the Var (Mulder et al.,
1997) and Monterey channel-canyon systems
(Paull et al., 2005; Maier et al., 2019). In such small
sandy systems, flows are likely to be depositional,
for at least some of their duration, since channel
thalwegs are covered by sand and gravel lags.

Flow evolution

Turbidity current concentration, depth and other
properties, including suspended sediment
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Fig. 9. Examination of temporal changes in equilibrium flow conditions using the flow-power flux-balance model,
illustrating that flows may display exclusively depositional (A), erosional (B), erosional to depositional (C) or
depositional to erosional (D) behaviour. Top two rows show input parameters (c[%], d, h, 5). Bottom two rows
show results for equilibrium Shields stress and slope (dashed line) compared to that of the flow Shields stress

and bed slope (solid line).

properties, vary spatially and temporally (Knel-
ler, 1995; McCaffrey et al., 2003). At any one loca-
tion, the temporal evolution of the flow’s
properties will determine whether depositional
or erosional regimes dominate. Flows with differ-
ent temporal patterns will thus display different
records of sediment transport behaviour through
time. Using the flow-power flux-balance model,
this may be illustrated by considering equilib-
rium conditions for four waning currents (Fig. 9).
The hypothetical flows have the same flow prop-
erties (i.e. depth and concentration) but differ in
their sediment particle size distribution. The flow
shear velocity was calculated assuming a force-
balance for quasi-equilibrium flow (see Appendix
A3) for a specified slope (S=0.01). This analysis
indicates that flows can be either depositional
(Fig. 9A) or erosional (Fig. 9B) throughout most
of their duration; as illustrated for flows carrying
relatively coarse, poorly-sorted material and fine,
well-sorted material, respectively. Alternatively,
under other patterns of temporal change, flows
may switch from ‘erosional to depositional’
(Fig. 9C). This is the typically assumed mode of
evolution for surge-type turbidity currents, as for

instance inferred from the Bouma sequence (Pea-
kall et al., 2020, and references therein), where
the leading faster and more concentrated front of
the current is erosional and the waning body and
tail regions depositional. Finally, the opposite
pattern, involving a change from depositional to
erosional flow, may also occur given specific tem-
poral variations in flow and sediment properties
(Fig. 9D). This pattern of evolution has been pre-
viously inferred from turbidite beds that display
internal depositional hiatuses or erosional sur-
faces, suggesting an initial depositional phase fol-
lowed by erosion and reworking of the current’s
own deposit, before a final terminal depositional
waning phase (Kneller & McCaffrey, 2003;
Stevenson et al., 2014).

CONCLUSIONS

In this paper, previously proposed equilibrium
criteria for dilute turbidity currents, involving
suspended-load-dominated flow of non-cohesive
particles over an erodible bed, have been tested
against data from laboratory experiments and
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the Madeira channel system. The considered cri-
teria include those previously described by Can-
tero, Halsey, Hiscott, Parker and Rouse, and a
new model recently adapted for turbidity cur-
rents — the flow-power flux-balance model -
based on turbulent suspension of sediment that
applies a flow-power based description of sedi-
ment entrainment. It is shown that compared to
other models the flow-power flux-balance model
provides predictions for equilibrium Shields
numbers and slopes more consistent with obser-
vational data. Notably most other models fail to
predict bed slope and flow durations within lim-
its of natural system data.

The well-known Rouse criterion for sediment
suspension, B=w,;/ux, previously proposed as a
simple proxy for equilibrium and used in
palaeohydraulic estimations, is found to sub-
stantially under-predict values for equilibrium
shear stress and equilibrium slope. This under-
prediction may be related to the particular
assumptions made in this work: the characteris-
tic settling velocity of suspended sediment is
related to the median particle size and
0.3<B<1. However, results of the flow-power
flux-balance model imply that B is not a con-
stant, nor that any single characteristic particle
size may be used in order to predict equilib-
rium. Hence, these results agree with previous
assessments of the Rouse criterion being an
inadequate measure of suspension dynamics
lacking physical generality (Hiscott, 1994; Lee-
der et al., 2005; Dorrell et al., 2018).

Based on the model performance, it may be
argued that the flow-power flux-balance model pro-
vides an improved quantification of equilibrium
conditions and insights into suspension dynamics.
Results from this model show the following:

e Equilibrium Shields numbers are not con-
stant but vary substantially (by an order of mag-
nitude) with flow and particle-size parameters,
including particle size distribution, concentra-
tion and depth of flow.

e Similarly, values of equilibrium slope vary
widely (by several orders of magnitude). The
wide variation in slope displayed by submarine
turbidite systems may be interpreted to be, at
least in part, a consequence of the natural vari-
ability in flow properties and particle-sizes of
transport systems.

e The erosional phase space for dilute turbidity
currents is relatively restricted to those currents
carrying relatively fine-grained material and on
relatively steep slopes. Based on median grain size

Equilibrium conditions for turbidity currents 19

and median slope values of modern systems, cur-
rents carrying material greater than silt or coarser
would be expected to be depositional in over 50%
of submarine channels, whilst those carrying fine
sand or coarser should be depositional in over
50% of canyons.

e Currents should show temporal variations in
sediment transport behaviour, including an evo-
lution from depositional to erosional flow due to
changes in flow and particle size distribution
(as inferred previously from the depositional
record).

e The flow-power flux-balance model implies a
markedly different phase diagram for sediment
transport regimes of dilute suspended-load domi-
nated flows compared to that based on the classi-
cal Rouse suspension criterion.
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NOTATIONS

B Rouse number

0 Shields number

K von Karméan constant
v Kinematic viscosity

Ambient and interstitial fluid density

Ps Particle density
Pe Turbidity current density
Ap Difference in particle and fluid density,p, —p
c Particle size distribution standard deviation
T+ Bed shear stress
¢ Particle size in phi units
v Assertions holds for all instances
Flow area
Cq Drag coefficient
c Depth-averaged volumetric flow
concentration
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c(z) Volumetric flow concentration at height z
above the bed

Cm Volumetric packing concentration of the bed

ct Volumetric concentration of suspended
sediment at reference height z* above the
bed

c” Volumetric concentration in the active layer
at the top of the bed

d Particle diameter

dso Median particle diameter

Dy Dimensionless particle diameter

E. Ambient fluid entrainment coefficient

E, Dimensionless entrainment function

g Gravitational acceleration

g Reduced gravity of turbidity current

h Flow depth

K Eddy diffusivity

L Flow mixing length scale

N Number of particle classes

Q. Sediment flux

R Submerged specific density of a particle

Re Reynolds number

Re, Particle Reynolds number

Ri Bulk Richardson number

S Slope (m/m)

T Flow duration

u Depth-averaged flow velocity

u(z) Flow velocity at height z above the bed

ux Shear velocity

Vy Bed volume

Vs Sediment volume

Wy Particle settling velocity

z Height above the bed

z" Reference height above the bed

Z Dimensionless height above the bed

A Dimensionless reference height above the bed

Subscripts

i Index parameter indicating the ith particle
class

y Value for the characteristic particle diameter,
here taken as dso unless otherwise stated

N Value for i= N particle class i.e. largest

particle class i.e. largest particle class

Critical value for incipient motion
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APPENDIX 1

A1 EXPERIMENTAL DATA SOURCES
AND FLOW CONDITIONS

Velocity, concentration and particle size distribu-
tion data for sustained laboratory turbidity cur-
rents in straight channels were collated from six
published experimental studies (Gray et al., 2005,
2006; de Leeuw et al, 2018; Sequeiros et al.,
2018; Eggenhuisen et al, 2019; Pohl etal,
2020b). In the following, experiments are referred
to by their numbers 1-12 in Table A1 noting
experiments 2 and 3 each provide measurements
from two downstream locations. All experiments
are ‘sustained flows’ generated by continuous
pump feed systems. These studies provide infor-
mation for depositional, non-depositional ‘by-
passing’ and accelerative (implying erosional)
turbidity currents. Experiments 5-10 were deposi-
tional over their full run-out distance and experi-
ment 12 is described as depositional. Experiment
2 is described as being in a state of bypass and
experiment 3 as self-accelerating. In the case of
experiment 2, front velocities at distances >8 m
downstream of the inlet were decelerative and
temporal mass derivatives were negative, showing
a loss of suspended sediment such that the cur-
rent may be interpreted as mildly depositional.
Experiment 3 displayed a continuous increase in
front velocity and a positive suspended sediment
mass derivative at x = 5.5 m, but a slightly nega-
tive sediment mass derivative further downstream
(x = 9.5 m), indicating the suspended sediment
mass tended towards equilibrium. Experiments 1
and 4 are described as completely bypassing (i.e.
non-depositional) and in the latter case accelera-
tive. Experiments 11 is described as being non-
depositional. Flows in experiments 1-4 and 11-12
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were run on uniform slopes. Experiments 5-10
were run on a tank floor with a change in slope,
however, flow parameters used here are only from
locations upstream of the slope break.

A2 EXPERIMENT BULK FLOW
PARAMETERS

Depth-averaged values of flow velocity, concen-
tration, median particle size and particle size
distribution were required to calculate Shields
stresses for laboratory flows and for inputs for
equilibrium models. These experimental parame-
ters are summarized in Table A1. The velocity
and concentration values for each experiment
are derived from measurements taken at the
same horizontal location or within ca 20 cm of
one another. Depth-averaged flow velocity, u,
and concentration, ¢, were calculated by integra-
tion of vertical profiles:

h
uh:/ u(z)dz (A1)
0

h
ch:/ c(z)dz (A2)
0

where u(z) and c(z) are measured velocity and
concentration at height above the bed, z, and h is
the flow depth, taken to be z where u = 0. Note the
following exceptions: (i) for experiments 2 and 3
concentration was computed from reported values
of ch; (ii) for experiments 5-10 depth-averaged
flow velocity was taken from reported values; (iii)
for experiment 10 concentration was computed
from density profile and, due to a lack of other
information, this value was taken to be representa-
tive of experiments 5-9 that had the same initial
concentration.
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Fig. A1. Total grain-size distribution (solid) and cumulative distribution (dashed) for deposits within the Madeira
Abyssal Plain shown in microns (A) and phi units (B). Based on data from Stevenson et al. (2014).

A3 EXPERIMENT SHEAR VELOCITY

The shear velocity for reported laboratory cur-
rents was calculated using the bulk Richardson
number dependent force balance for quasi-
equilibrium flow Eq. 8. Specifically, given the
bulk Richardson number, Ri=gRch/u*, where
the submerged specific gravity of the sediment,

R=(p,/p)—1, Eq. 8 may be manipulated to pro-

vide:
1
(1 + 231‘) u?

Using u?=Cpu?, Eq. A3 can be rewritten to
provide the shear velocity:

a

_ 2
gRchS=Cpu +b+B1’

(A3)
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Fig. A2. (A) Location map of the North Atlantic. (B) North-south bathymetric profile along the transect shown in
(A) crossing the Northern Madeira Channel (NMC), Southern Madeira Channel (SMC). Dashed lines indicate the
possible widths of flows for different flow depths, h, assuming lateral spreading of currents to the basin margins.
Map image and GEBCO bathymetric data from Google Earth®©.

a 1
* — . —_Ri 2
u \/chhS Ri (1 + 231) u (A4)

from which the Shields number is:

6=uip/gApdso (A5)

A4 PARTICLE SIZE DISTRIBUTION OF
MADEIRA FLOWS

The particle-size distributions used in modelling
of the Madeira Channel flows were taken from
Stevenson et al. (2014): see their fig. 5. These
data provide ‘total grain size distributions’ for
event beds within the Madeira Abyssal Plain,

downstream of the Madeira Channel System,
computed from measured grain-size distribu-
tions of samples from numerous seafloor cores.
The distributions for Beds 5, 7 and 12 are shown
in Fig. A1, which have median particle sizes of
5.1, 5.5 and 4.7 phi and standard deviations of
1.2, 1.3 and 1.3 phi, respectively.

A5 CROSS-SECTIONAL AREA OF
MADEIRA CHANNEL FLOWS

The area of flows as a function of flow depth
was calculated from integration of the area
above the bathymetric profile along a transect
orientated approximately north-south, perpen-
dicular to the Madeira Channels (Fig. A2).
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