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A B S T R A C T   

Recent surface observations have emphasised the importance of bedload transport by rivers and streams on Mars 
and Titan. Previous “hydraulic” analysis, however, has also shown that transport as suspended load should be 
possible, if not more prevalent due to lower critical shear stresses, under reduced gravity conditions compared 
with Earth; where the dominant mode of sediment flux by rivers is as suspended load. A new suspended-load 
equilibrium condition (zero net erosion and deposition) constraint is advanced, using a flux-balance model 
applicable to transport (capacity) limited alluvial channels. The theory unifies Gilbert’s relation for slope and 
flow capacity model with the Shields criterion for incipient motion. Shields-stress analysis shows that sediment 
transport thresholds on Earth, Mars and Titan are dynamically similar. Thus, despite large differences in 
dimensional shear stresses, variations in the critical slopes and flow depths required for threshold and equilib-
rium conditions are comparatively modest. Under reduced gravity conditions, there exists a slightly higher 
potential for sediment transport as suspended load; except for systems involving high particle-fluid density ratios, 
as may apply to the transport of organic particles on Titan. Critically we show that graded suspended-load 
channels should develop gentler slopes under reduced gravity, and not steeper slopes as previously inferred 
based on generalized hydraulic geometry relationships of terrestrial river and submarine channels. We further 
argue that the use of submarine channels as analogues for channels formed under reduced gravity is not phys-
ically justified. Finally, compared with bedload channels, suspended-load channels should also have markedly 
higher discharges, with implications for mechanistic-based discharge predictions and precipitation models.   

1. Introduction 

Sediment transport by liquid geophysical flows is one of the primary 
processes responsible for reshaping the surface of planetary bodies. On 
Earth this process is widely expressed in the form of river drainage 
systems and their alluvial deposits, which dominate the geomorphology 
of large areas of the terrestrial surface and are responsible for the ma-
jority of sediment flux from land to oceans (Leopold and Wolman, 1957; 
Milliman and Meade, 1983; Syvitski et al., 2003; Giachetta and Willett, 
2018). River and streams capable of moving sediment are also inferred, 
based on satellite and surface observational data, to have been impor-
tant for sculpting the present or past surfaces of a number of other 
planetary bodies in the solar system, notably Mars and Saturn’s moon 
Titan (Grotzinger et al., 2013; McSween Jr. et al., 2019). 

The fundamental characteristics of rivers, such as how much sedi-
ment they transport and their morphology and equilibrium state, is 

linked to the manner in which they move sediment (as bedload, sus-
pended load or a mixture of both), as governed by the imposed hydraulic 
and sedimentary conditions (Dade and Friend, 1998; Church, 2006). 
Equilibrium critically defines the boundary between erosional and 
depositional regimes and determines the “stable” state, encapsulated by 
the concept of a “graded” river, to which an alluvial channel will attempt 
to adjust through time (Lacey, 1930; Mackin, 1948; Dade and Friend, 
1998). Whilst satellite and surface based observations from Mars and 
Titan, in many cases, suggest coarse-grained bedload-dominated sys-
tems, on Earth suspended load is the dominant mode of transport in 
terms of sediment flux, accounting for the vast majority (~90%) of 
sediment moved by rivers (Milliman and Meade, 1983; Syvitski et al., 
2003; Turowski et al., 2010). 

Sediment-transport systems on the surfaces of Earth, Mars and Titan 
involve different types of fluid-particle systems and occur under 
different strengths of gravitational acceleration. Having a smaller mass, 
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Mars and Titan have a reduced gravitational acceleration compared with 
Earth. Systems on ancient Mars are inferred to have involved flows of 
water or brines, transporting dominantly basaltic material (Carr, 2012; 
Lamb et al., 2012). Titan’s volatile cycle involves hydrocarbons with 
surface flows of liquid methane or ethane that transport water-ice and 
organic particles (Lunine et al., 1983; Ori et al., 1998; Burr et al., 2013; 
Hayes et al., 2018). Accordingly, the physical conditions under which 
sediment transport occur vary on different planetary bodies, with im-
plications for our understanding of planetary surface processes, geo-
morphology, climate and planetary evolution (Miller and Komar, 1977; 
Komar, 1980; Burr et al., 2006, 2013; Grotzinger et al., 2013). Previous 
work has used hydraulic theory to examine the thresholds of sediment 
motion and suspension, and thus bedload and suspended load regimes, 
on Mars and Titan (e.g., Miller and Komar, 1977; Komar, 1980; Burr 
et al., 2006, 2013; Grotzinger et al., 2013). This work has identified that 
there exists a higher potential for sediment transport as suspended load 
under reduced gravity conditions (Komar, 1980; Burr et al., 2006). 

Here, we build on earlier analyses of sediment transport on extra- 
terrestrial planets, by re-examining the conditions under which firstly, 
suspended-load-dominated flow should prevail and secondly, 
suspended-load-dominated flows are at equilibrium (i.e. zero net erosion 

and deposition) on Mars and Titan. The analysis of equilibrium conditions 
in this work is based on a newly developed model, based on a set of one- 
dimensional advection-diffusion equations describing the turbulent 
mixing and settling of suspended particles, previously shown to provide 
better predictions compared with other equilibrium models (Dorrell 
et al., 2018). Previous analysis for sediment transport on Mars and Titan 
has principally presented sediment transport thresholds in terms of the 
dimensional bed shear stress or shear velocity. We here additionally 
provide an analysis in terms of dimensionless shear stress (i.e., Shields 
number), that describes the ratio of the flow force acting on a stationary 
particle on the bed to its submerged weight. The Shields number allows 
a more holistic examination of the net effect of gravity and particle-fluid 
system properties, on the ability of flows to move sediment on different 
planetary bodies. 

In Section 2, we describe the fluvial systems of Mars and Titan 
including the physical characteristics of particles and fluids used in the 
subsequent analyses. In Section 3, we define regime boundaries for 
sediment transport modes and review the potential for suspended-load- 
dominated flows on Mars and Titan. In Section 4, we then introduce an 
equilibrium model for suspended-load-dominated flow and provide an 
analysis of equilibrium dimensional and nondimensional shear stress 

Fig. 1. Channels on Mars and Titan. A) Wind-eroded 
sinuous ridges (between white dashed lines) inferred 
to be ancient meander belts, southern Aeolis Dorsa, 
Mars. B) Detail of left ridge in A showing patterns 
similar to terrestrial fluvial scroll bars, including 
chute channels associated with meander cutoff. C) 
Narrow, long, radar-dark features on Titan inferred to 
be fluvial channels located close to Lake Ligeia Mare 
(large oval dark area) with possible drowned valleys 
(white arrows). D) Sinuous long, radar-dark feature 
on Titan hypothesized to be an incised bedrock 
channel or confined meandering river. Images in A 
and B are from the High Resolution Imaging Science 
Experiment (HiRISE) camera (image 
PSP_010322_1740) courtesy of NASA/JPL/University 
of Arizona. Images in C and D are synthetic aperture 
radar (SAR) data from the Cassini Titan Radar Mapper 
(RADAR) from Burr et al. (2013).   
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(Section 4.1), equilibrium slope (Section 4.2) and unit discharge (Sec-
tion 4.3). In Section 5, we summarize and discuss the key findings and 
implications of this work. 

2. Fluvial systems on Mars and Titan and their physical 
parameters 

2.1. Rivers and streams on Mars and Titan 

Mars displays compelling evidence for ancient fluvial systems that 
suggests an active hydrological cycle involving surface runoff that 
occurred in the early history of Mars during the Noachian and early 
Hesperian, > 3.5 billion years ago (Baker et al., 1991; Achille and 
Hynek, 2010; Andrews-Hanna and Lewis, 2011; Villanueva et al., 2015; 
Cardenas et al., 2017). Satellite imagery reveals valley networks (Hynek 
et al., 2010), “inverted” river channels (Burr et al., 2010), flood outflow 
channels (Carr, 1979; Rodriguez et al., 2015), alluvial fans (Moore, 
2005; Jacobsen and Burr, 2017) and intercrater deltas (Wood, 2006; 
Schon et al., 2012) (Fig. 1A-B). Satellite-based interpretations of fluvial 
systems on Mars are consistent with outcrop data collected by the Cu-
riosity and Opportunity rovers (Grotzinger et al., 2005; Williams et al., 
2013; Dietrich et al., 2017; Edgar et al., 2017). Titan is the only plane-
tary body in the Solar System, other than Earth, considered to have a 
present-day active volatile cycle involving surficial liquid flow (Lorenz 
et al., 2008; Hayes et al., 2018). Radar images show valley networks 
(Fig. 1C–D), similar to their terrestrial counterparts (Lorenz et al., 2008; 
Burr et al., 2013; Hayes et al., 2018). Images from the Huygens landing 
site on Titan also provide evidence for sediment transport, showing 
rounded clastic sediment grains on the surface of what is interpreted as a 
dry river bed (Tomasko et al., 2005; Perron et al., 2006). 

Evidence for the type of sediment transport mode on Titan is scarce 
with more information available for Mars albeit coming from outcrops of 
ancient deposits. It is generally assumed that Martian channels are 
gravel-bedded (e.g., Morgan and Craddock, 2019) as supported by 
remote and surface observations (Wood, 2006; Williams et al., 2013; 
Dietrich et al., 2017; Edgar et al., 2017) and thus dominated by bedload 
sediment transport dynamics. Nevertheless, given the availability of 
fine-grained sediment (Schieber et al., 2016), evidence for long trans-
port systems (Grotzinger et al., 2013) and energetic flows (Komar, 
1980), it is likely that some transport systems on Mars involved 
suspended-load-dominated flow. Exposed (“inverted”) channels on Mars 
of the Aeolis/Zephyria Plana region (Fig. 1A–B) display meandering 
forms with well-developed internal structure, similar to terrestrial 
meander bars or scroll bars (Burr et al., 2009; Burr et al., 2010; Mat-
subara et al., 2015). Whilst single-thread sinuous channels on Earth 
often carry sand and gravel as bedload and conversely many braided 
rivers carry substantial amounts of fine suspended load (Bridge and 
Demicco, 2008), the morphology of the Aeolis/Zephyria Plana channels 
is similar to the morphology of finer-grained, mixed-load or 
suspended-load channels on Earth (Schumm, 1985; Church, 2006; 
Matsubara et al., 2015). Grain-size estimates for Martian channels from 
satellite observation are problematic due to surface dust (Burr et al., 
2010). However, the weathering patterns and thermal inertia of channel 
deposits at Aeolis Dorsa suggest they are composed of sand or fine 
gravel; giving rise to the interpretation that these meandering streams 
may have had high suspended loads (Matsubara et al., 2015). Fluvial 
deposits observed in Gale Crater include i) planar-laminated sandstones 
potentially formed under upper-stage plane bed conditions and ii) 
cross-stratified sandstones likely formed by migrating subaqueous dunes 
(Edgar et al., 2017). On Earth, upper-stage plane beds are formed at 
relatively high flow conditions, during which sediment is predominantly 
moved as suspended load (Bennett et al., 1998). Subaqueous dunes are 
formed primarily through bedload processes. However, dunes can also 
form under mixed transport conditions, where a significant fraction of 
the bed material is able to be carried as suspended load and the sus-
pended load may contribute to bedform migration once deposited (e.g., 

Kostaschuk et al., 2009; Naqshband et al., 2017). 

2.2. Fluid and sediment composition 

Application of terrestrial sediment transport formulae to other 
planetary bodies requires adjustment of a number of parameters, 
notably gravitational acceleration, fluid viscosity and the densities of 
fluid and sediment particles. Here we follow Burr et al. (2006) in the 
choice of parameters (Table 1). Similar to Earth, sediment transport on 
Mars involves the movement of particles of silicate material eroded from 
the planet’s crusts. Sedimentary systems on Earth often host highly 
processed sediments that are chemically and mineralogically relatively 
mature, with abundant quartz and clay minerals. In contrast, Martian 
counterparts appear less mature hosting first-generation sediments, 
dominated by basaltic sedimentary rocks with only modest modification 
by liquid water (Deit et al., 2016). Immature sediments may be inferred 
to be a consequence of a lack of active plate tectonic processes on Mars 
(Cannon et al., 2015); although patterns of magnetization may suggest 
that Mars’ crust formed by similar processes to that on Earth, during an 
early era of plate tectonics (Connerney, 1999; Connerney et al., 2005). 
Alternatively, immature sediments may be due to limited weathering on 
the surface of Mars, which only experienced transient periods of surface 
water (Ehlmann et al., 2011). 

Titan’s volatile cycle involves hydrocarbons that exchange between 
the surface, subsurface and a nitrogen-based atmosphere (Burr et al., 
2013; Hayes et al., 2018). Both methane and ethane cloud systems are 
recognised (Griffith et al., 2006). As considered here, surface flows 
forming fluvial features are thought to be composed of liquid methane 
that supply lakes and seas (Lunine et al., 1983; Ori et al., 1998; Burr 
et al., 2006; Hayes, 2016). Ethane is likely to be too involatile to be 
rapidly recycled by evaporation into Titan’s atmosphere, restricting 
rainfall and runoff to methane cycling only (Lorenz and Lunine, 2005; 
Burr et al., 2006); although others have proposed surficial flows of both 
liquid methane and ethane (Hayes et al., 2018). Sediment on Titan is 
believed to occur as two compositional types: i) water-ice derived from 
Titan’s outer crust and ii) organic material derived from the atmosphere 
through photochemical reactions of hydrocarbons (Imanaka et al., 2004; 
Burr et al., 2006; Schröder and Keller, 2008). There is significant un-
certainty as to the density of organic particles and the exact types and 
proportions of liquid hydrocarbons (Burr et al., 2006, 2013). Densities of 
organic particles settling from the atmosphere on Titan could be as low 
as ~400 kg/m3 (Bott, 1986). In this case, organic particles would be 
positively buoyant in surface liquid hydrocarbons assuming fluid den-
sities of 450 kg/m3 (Lorenz et al., 2003; Burr et al., 2006). However, for 
simplicity, only negatively buoyant particles are considered herein. The 
following analysis of sediment transport assumes noncohesive particles, 
applicable to systems lacking substantial amounts of clay on Earth and 
Mars. As discussed by Burr et al. (2013) for Titan sediments, this 
constraint may also be a reasonable assumption for water-ice particles, 
but may not be correct for sediments composed of, or covered by solid 
tholins. 

Table 1 
Physical values used for modelling sediment transport on Earth, Mars and Titan 
taken from Burr et al. (2006) in which supporting references can be found.   

Earth Mars Titan Titan 

Gravity     
g, ms− 2 9.80 3.71 1.35 1.35 
Fluid Water Water CH4/N2 CH4/N2 

ρ, kgm− 3 1000 1000 450 450 
μ, Pa s 1 × 10− 3 1 × 10− 3 2 × 10− 4 2 × 10− 4 

Sediment Quartz Basalt Water ice Organics 
ρs, kgm− 3 2650 2900 992 1500 
r = ∆ρ/ρ 1.65 1.90 1.20 2.33  
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2.3. Particle size range 

A range of particle sizes occur on Earth, Mars and Titan that may be 
involved within fluvial sediment transport. The transport of silt to gravel 
grade material is considered in this work with a median particle size, 4 
< d50 < 4000 μm. As shown later, this covers the broad range of sedi-
ment sizes which might be expected to be moved as suspended load, 
given reasonable estimates of flow depths and slopes. Images from the 
Huygens landing site on Titan showed rounded cobbles of 5–15 cm in 
diameter sitting on a surface probably composed of finer-grained soft 
substrate (Tomasko et al., 2005; Lorenz et al., 2008). Large volumes of 
sand-size organic material occur in aeolian sand seas, which in the 
Xanadu area of Titan may be transported by transient rivers (Lorenz 
et al., 2006; Barnes et al., 2015). The atmosphere of Titan is also a 
probable source of finer, micron-sized 1–10 μm, organic aerosol parti-
cles (Waite Jr. et al., 2009; Barnes et al., 2015). On Mars, a similarly 
wide range in particle sizes are associated with ancient river systems. As 
mentioned, Rover data suggest fluvial deposits are composed of sand-
stones and gravels (Edgar et al., 2017). Also, observed are mudstones 
interpreted as lacustrine deposits with muds and silts potentially derived 
from rivers (Schieber et al., 2016). 

The particle size distribution of sediment in natural environments is 
often wide and fine-tail skewed; this distribution being the motivation 
for the standard application of a log-normal particle size scale (Soulsby, 
1997; Garcia, 2008). In the following work, polydisperse models with 
nonuniform particle sizes, use idealised sediment grain-size distribu-
tions, described by a natural ϕ-scale log-normal distribution (Middleton, 
1970), where ϕ = − log2(d/d0), d is particle size in mm and d0 is the 
standard grain diameter of 1 mm (Krumbein, 1934; Leeder, 1982). The 
particle size distribution is discretized into N size classes with a phi-scale 
bin size of 0.01. The log-normal distribution is truncated to include the 
central 99%, by removing the lowest and highest 0.5% of the probability 
distribution, to avoid overly small and large particles in the analysis. 

3. Assessment of suspended-load-dominated flow 

3.1. Sediment transport modes 

Sediment moved by rivers and other turbulent shear flows display a 
continuum of transport behaviours, but is commonly considered in 
terms of two principle modes: particles transported as “bed load”, roll-
ing, sliding or saltating in frequent contact with the bed (van Rijn, 
1984a), and “suspended load”, disperse through the flow, supported by 
turbulence (van Rijn, 1984b). Highlighting the continuous nature of 
sediment transport behaviour (Parsons et al., 2015), a “mixed load” 
category of transport is also defined for sediment which displays inter-
mediate characteristics between bedload and suspended load (Dade and 
Friend, 1998; Church, 2006). It is also common to define the finest part 
of the suspended material – that does not form a significant component 
of the river bed, and the occurrence of which is governed by the 

upstream supply rate – as “wash load” (van Rijn, 1984a; Church, 2006). 
Because the analysis of equilibrium flow conditions here assumes all 
particles size classes are available for entrainment from the bed, a 
distinction between suspended load and wash load is not made in this 
study. 

3.2. Sediment transport thresholds 

3.2.1. Incipient motion and entrainment 
Whilst in this work we principally focus on suspended-load sediment 

transport, it is necessary for comparative purposes and computation of 
sediment entrainment rate (see below), to examine the threshold at 
which sediment on the bed begins to move, i.e., entrained as bedload, or 
for finer sediments as suspended load (Bagnold, 1966). The principal 
formulae for sediment transport criteria for the thresholds of motion, 
and suspension and equilibrium introduced later, are summarised in 
Table 2. 

Shear from a flow imparts tangential and normal forces on solid 
boundaries including particles resting on the bed. The bed shear stress 
may be approximated using the standard momentum balance formula, 
which balances frictional and gravitational forces, assuming negligible 
downstream variation in flow (e.g., Parker et al., 2007), 

τ* = gρhS (1)  

where g, ρ, h and S are the acceleration due to gravity, fluid density and 
depth of the flow, and slope of the bed, respectively. The shear stress 
may also be characterized in units of velocity by the shear velocity, u* =

(τ*/ρ)0.5, or in dimensionless form by the Shields number, that repre-
sents the ratio of fluid shear stress to the gravitational weight of a sub-
merged particle (Shields, 1936), defined θ = τ*/g∆ρd50, where ∆ρ = ρs −

ρ is the particle-fluid density difference and d50 the median particle 
diameter. Importantly, because the Shields number takes into account 
the effects due to variable acceleration of gravity, particle and fluid 
density and grain size, it provides a suitable measure of the relative 
mobility (or intensity of sediment transport) of different planetary cases. 

Above a critical shear stress applied to the bed, particles will be 
continuously transported. Where sediment density is constant, the crit-
ical Shields number, θci, for incipient motion of i = 1…N physically 
distinct classes of sediment, of diameter di, may be prescribed by the 
empirical formula proposed by Soulsby (1997), 

θci =
0.3

1 + 1.2Dsi
+ 0.055

(
1 − e− 0.02Dsi

)
(2)  

where the dimensionless particle diameter, Dsi =
(
gΔρ/ρν2)1

3di and ν is 
the fluid kinematic viscosity. 

3.2.2. Sediment suspension 
When the shear velocity has a similar or greater value than the 

particle settling velocity, u* ≳ wsi, a substantial proportion of entrained 

Table 2 
Model formulae for sediment transport criteria.  

Criterion Dimensional shear stress Dimensionless shear stress, Shear velocity Reference 

Initial motion τc = θc g∆ρd θc =
0.3

1 + 1.2Ds
+ 0.055

(
1 − e− 0.02Ds

)

u*c =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
g∆ρdθc

ρ

√ Shields (1936)   

Suspension (suspended load-bedload transition) τs = ρu*s
2  

θs =
ρu*s

2

g∆ρd  
u*s = ws Bagnold (1966)   

Suspended-load-dominated flow τ̃s = ρu*̃s
2  

θ̃s =
ρu*̃s

2

g∆ρd  
u*̃s = ws/0.3  Dade & Friend (1998)   

Suspended-load equilibrium sediment transport  
(erosion-deposition threshold) τe = ρ

(
g∆ρcwsh

ρλε

)2
3 + θcg∆ρd  

θe =
τe

g∆ρd  
u*e =

̅̅̅̅̅̅̅̅̅
τe/ρ

√ Dorrell et al. (2018)  
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particles may travel as suspended load within the flow supported by 
fluid turbulence, with intermittent or limited contact with the bed 
(Rouse, 1937; Bagnold, 1966; Soulsby, 1997; Dade and Friend, 1998; 
Dorrell and Hogg, 2012). Here particle settling velocity, wsi, is pre-
scribed by an empirical formula covering a combined viscous plus bluff- 
body drag law for natural irregular grains, 

wsi =
υ
di

[
(
10.362 + 1.049D3

si

)1
2 − 10.36

]

(3)  

(Soulsby, 1997). Settling velocities for Earth, Mars and Titan based on 
Eq. (3), and using the particle properties in Table 1, are shown in Fig. 2. 

The distribution of suspended sediment in a shear flow is classically 
given by the Rouse profile, which assumes mixing throughout the total 
depth (Rouse, 1937). The volumetric concentration, ci(Z), of particulate 
material carried in suspension at a dimensionless height above the bed, Z 
= z/h, where z is height above the bed and h is flow depth, is described 
by the Reynolds averaged mass conservation equation, 

K
h

∂
∂Z

ci(Z)+wsici(Z) = 0 (4) 

Here the eddy diffusivity, K, describes diffusive mixing of sediment 
in suspension by turbulent fluid motion. The ratio of diffusive mixing 
momentum, the eddy viscosity νt, to diffusive mixing of sediment, eddy 
diffusivity, K, is described by the turbulent Schmidt number, Sct = νt/K. 
For open channel flow, equating turbulent stress with eddy viscosity 
mixing from shear, the eddy viscosity is described by the function νt =

κu*Lf(Z), where the von Kármán’s constant, κ = 0.4, u* is the shear ve-
locity, L is a mixing length and f(Z) is a structure function describing the 
variation in turbulent mixing with depth. Also, it may be assumed that 
the mixing length L = h, the mixing length ratio α = L/h ≡ 1 (Dorrell and 
Hogg, 2012), and the structure function is parabolic f(Z) = Z(1 − Z) 
(Rouse, 1937). From these assumptions the Rouse profile for concen-
tration, ci(Z), of each particle class is determined as 

ci(Z) = c+i

(
Z+

1 − Z+

1 − Z
Z

)βi

(5)  

where ci
+ is the sediment concentration, at a near-bed height z+ = Z+h 

and 

βi = Sctwsi/κu* (6)  

is the Rouse number. Here the Schmidt number is taken as unity (Rouse, 
1937). From Eq. (5) a stratification shape function, λi, is determined that 

relates the depth-averaged concentration, ci, to a near-bed reference 
concentration, ci

+, at a near-bed height of z+, 

λi =

∫ 1

z+
h

(
z+

h − z+
1 − Z

Z

)βi

dZ where ci ≡

∫ 1

z+
h

ci(Z)dZ = λic+i (7) 

The total concentration of sediment in suspension at a height above 
the bed is thus, c(Z) =

∑N
i=1ci(Z) and the depth-averaged concentration 

of sediment, c =
∫ 1

0 c(Z)dZ. 
In the literature, a range of values of the ratio of gravitational settling 

to turbulent dispersion, 

Bi = wsi/u* (8)  

have been used to signify the threshold between bedload and suspended 
load transport ranging from 0.4 < Bi < 1.8 (see discussions in Komar, 
1980; Burr et al., 2006); reflecting the challenge of setting a distinct 
threshold on what is a transitional boundary or continuum of transport 
behaviour (Parsons et al., 2015). Bridge and Demicco (2008) considers 
that for values in the range of 1.2 < Bi < 1.5, particles are moved up-
wards within a flow, and for 0.4 < Bi < 0.9, particles remain in sus-
pension due to turbulence. Others have concluded that u* = wsi defines 
an upper limit of the bed shear stress at which a concentration profile of 
suspended sediment starts to develop (van Rijn, 1984b; Niño et al., 
2003). Based on Bagnold (1966), a value Bi = 1.25 has been generally 
used in previous analysis of planetary sediment transport (e.g., Komar, 
1980; Burr et al., 2006; Grotzinger et al., 2013). The different values for 
Bi taken to signify the suspension threshold, may be a consequence of 
variations in the value of Sct (van Rijn, 1984b; Bennett et al., 1998; 
Cellino and Graf, 1999), but also due to the different definitions applied 
for estimating the threshold experimentally (Komar, 1980; Burr et al., 
2006). 

Using the Rouse equation, Dade and Friend (1998) examined the 
relationship between u*/wsi and the fraction of the total sediment load 
carried as bedload, 

χb = (1 − βi)
/(

ξ1− βi − βi
)

(9)  

where the relative depth ξ = h/z+, assuming the near-bed height z+ and 
concentration, ci

+, corresponds to the thickness and concentration, 
respectively, of the bedload layer. This approach elegantly shows how 
bedload versus suspended load fraction varies with wsi/u*. From this 
analysis it may be seen that for u* = wsi, the fractions of bedload and 
suspended load are approximately equal, whilst for ws ≪ u*, sediment is 
transported predominantly as suspended load (Fig. 3). Dade & Friend 
(1998), applied the following criteria to distinguish load types for each 
particle class size: wsi/u* ≤ 0.3 for suspended load, 0.3 < wsi/u* < 3, for 
mixed load and wsi/u* ≥ 3 for bedload. It should be noted that the 
fraction of bedload, when Bi is small, is also a function of ξ. For the 
particle size ranges (4 < d50 < 4000 μm) and flow depths (1 < h < 10 m) 
considered in this work it is assumed that, z+ ≪ h, such that ξ ≫ 1. This 
assumption is supported by models for the thickness of the bedload layer 
(e.g., Dorrell, 2010; Kumbhakar et al., 2018). For instance, the analysis 
of the highly concentrated collisional region at the base of sediment 
transporting flows, suggests ξ > 10, except in the case of shallow flows 
(h/d < 2000) with relatively high Froude numbers (Fr > 0.5) (see 
Fig. 5.10 of Dorrell, 2010). 

3.3. Suspended-load-dominated transport field 

To estimate the potential for suspended load, sediment transport 
regimes using the definitions defined by Dade and Friend, 1998 are 
shown for different particle size versus the product of slope and depth, 
Sh (Fig. 4A). Here wsi and u* have been computed, as a function of d50 
and Sh, for the different planetary cases (Table 1). It may be noticed 
from this plot that, firstly, there is only a relatively modest difference in 
regime boundaries for the different planetary cases (as noted in previous 

Fig. 2. Settling velocity of quartz on Earth, basalt on Mars and ice and organic 
particles on Titan (Eq. (3)). 
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analysis of threshold boundaries e.g., Komar, 1980; Burr et al., 2006). 
Secondly, that sand grade and finer material will be transported domi-
nantly in suspension at values of Sh > 10− 2. Lastly, that the bedload 
regime, as defined by the Shields criterion and wsi/u* = 3, occupies a 
relatively small area of the Sh parameter space. Flow depths and slopes 
are poorly constrained for both Mars and Titan (Burr et al., 2013). 
Minimum and maximum estimates for Sh, as determined from flow 
depths and slopes used in previous studies for Martian outwash channels 
(Komar, 1980; Wilson et al., 2004) and Titian channels (Perron et al., 
2006) are shown, and compared with those for Earth based on a global 

dataset (Dunne and Jerolmack, 2018) (Fig. 4B). Assuming that the upper 
range in channel Sh estimates are valid, this would suggest 
suspended-load-dominated systems may occur on both Mars and Titan 
for flows transporting sand, and even potentially gravel in the case of 
Martian outflow channels (as also surmised by Komar, 1980). Moreover, 
whilst the dynamics of coarser-grained systems may be expected to be 
dominated by bedload transport, these systems may also transport sig-
nificant proportions of finer-grained material as suspended load or wash 
load, as observed for rivers on Earth (Turowski et al., 2010). 

4. Assessment of equilibrium conditions 

4.1. Equilibrium model 

The suspension criterion outlined earlier, Eq. (8), describes the 
competence of a turbulent flow to support sediment in suspension as 
determined by its settling velocity. Critically it does not, however, 
provide a measure of whether a flow has the capacity to either support 
its existing sediment load, nor entrain further material, and thus 
whether a flow is erosional, depositional or in equilibrium under the 
imposed hydraulic conditions (Hiscott, 1994; Leeder et al., 2005; Dorrell 
et al., 2018). Here we apply the model developed by Dorrell et al. 
(2018), which introduces a Velikanov-Bagnold based flow power 
(Velikanov, 1954; Bagnold, 1966) entrainment model, to calculate the 
conditions for equilibrium flow. The equilibrium model, herein referred 
to as the “flow-power flux-balance” model, is based on a system of one- 
dimensional advection (settling) – diffusion (turbulence) equations, and 
uses an “active layer” of sediment at the top of the bed to exchange 
particles between the underlying bed and the overlying water column (i. 
e. flow), to describe the turbulent mixing and settling of suspended 
particles (Dorrell et al., 2013) (Fig. 5). In this model, bedload transport 
processes are not explicitly modelled, although the active layer may be 
considered as a thin high-concentration bedload or “sheet flow” layer 
(Sumer et al., 1996). The model is thus strictly only applicable to dilute 
flow where flow is vigorous enough to move sediment dominantly as 
suspended load and bedload becomes negligible (Dade and Friend, 
1998; Dorrell, 2010; Dorrell et al., 2013). Under such conditions 

Fig. 3. The fraction of total sediment load carried as bedload, χb, as a function 
of the ratio of the settling velocity to the shear velocity, ws/u*, and the relative 
depth, ξ = h/z+ (after Dade and Friend, 1998). The boundaries for suspended 
load, mixed load and bedload sediment transport regimes are those used by 
Dade and Friend (1998). 

Fig. 4. A) Sediment transport modes as a function of particle size and slope-depth product. B) Probability distribution of slope-depth product for rivers on Earth (data 
from Dunne and Jerolmack, 2018). Vertical lines indicate the ranges in slope-depth product estimated for Martian outwash channels (Komar, 1980; Wilson et al., 
2004) and for channels on Titan (Perron et al., 2006). 
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sediment can be directly entrained into suspension and the influence of 
bedload on the near-bed turbulence limited (Bagnold, 1966; Leeder 
et al., 2005; Niño et al., 2003). The limited role of bedload on controlling 
the overall dynamics of sediment transport for suspended-load regimes, 
ws/u* < 1, is also supported by the bankfull characteristics of rivers 
channels on Earth. Relatively fine-grained, suspended-load-dominated 
channels have bankfull steady-state regimes with substantially higher 
Shields numbers, compared to bedload channels that have values that 
approximate the threshold of motion (Dade and Friend, 1998). This 
observation suggests that the equilibrium state of suspended-load 
channels is dictated by the capacity of flows to suspended load under 
high-stage conditions, as opposed to bedload processes during high- 
stage or low-stage conditions (Dade and Friend, 1998). 

Given an erodible substrate of loose sediment, flows entrain or de-
posit material to reach a balance between sediment entrainment and 
deposition. For suspended-load-dominated flow, equilibrium sediment 
transport is defined where the net rate of sediment entrainment from the 
bed equals the net rate of deposition from suspended load (Smith and 
Hopkins, 1973; Garcia and Parker, 1991, 1993; Garcia, 2008; Dorrell 
et al., 2013, 2018). For each particle class, sediment entrainment rate 
from the bed, Ei, is determined, after Dorrell et al. (2018), by 

Ei = ερ(gΔρh)− 1( max
[
u2

* − u2
*ci, 0

] )3
2 (10)  

where ε=13.2 is an empirical parameter describing entrainment rate, 
based on a best fit to ten separate experimental datasets (Dorrell et al., 
2018). Here Eq. (10) relates the work done lifting a mass of sediment 
from the bed into suspension, in terms of available flow power above 
that needed for incipient motion. 

The particle class dependent critical shear velocity, u*ci, for incipient 
motion, from Eq. (2) is, 

u*ci =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
g∆ρdiθci

ρ

√

(11) 

The deposition rate is given by the near-bed concentration of the 
suspension and particle settling velocity, ci

+wsi. Equilibrium flow is thus 
defined as satisfying 

c−i
cm

Ei = c+i wsi ∀i (12a) 

∑N

i=1
c−i = cm (12b)  

describing the balance of deposition and erosion for all distinct particle 
classes (∀i) in suspension, Eq. (12a), and by the composition of the bed, 
Eq. (12b), see further Dorrell et al. (2013). In Eq. (12), for each inde-
pendent particle class, the near-bed concentration of suspended sedi-
ment freely exchanged with the bed is denoted by ci

+, defined at a height 
z+ = 0.01h above the bed (Soulsby, 1997) and the concentration of 
particles in the active layer, at the top of the bed that freely exchanges 
material with the flow, is denoted ci

− . The near-bed concentration may 
be related to the suspended capacity of a given particle class by using a 
Rousean shape function, λi, describing the distribution of material in 
suspension, ci

+ = ci/λi, where ci is the concentration for a particle class. 
Finally, a constant packing concentration in the bed, cm = 0.6 v/v 
(sediment volume per total volume), is assumed (Dorrell and Hogg, 
2010). 

Eqs. (1)–(7) and (10)–(12) may be manipulated to yield the expres-
sion for the capacity of a given particle class, 

ci = ε c−i
cm

λi

wsi

̅̅̅̅̅̅̅̅̅̅̅̅
gΔρh

ρ

√
( ρ

Δρ

)
3
2

(

S −
u2

*ci

gh

)3
2

(13) 

As particle concentration is dependent on the concentration of the 
active layer, ci

− , the relationship between bulk flow-capacity and slope 
(or shear stress) is not unique. However, equilibrium slope, at fixed 
capacity, has a weak non-linear dependence on reduced gravity of sus-
pended sediment, gΔρ/ρ, scaling to a power of one third, and a stronger 
linear dependence on fluid density. This outcome being a consequence 
of settling velocity scaling with reduced gravity and in well-mixed sus-
pensions λi~1 (Dorrell et al., 2013). Critically, the leading order rela-
tionship between flow capacity, Eq. (13), recovers observations first 
made by Gilbert and Murphy (1914), where flow concentration was 
related to slope via: 

c ≡
∑N

i=1
ci∝(S − Sc)

3
2 (14)  

where Sc denotes the slope required for incipient motion, called the 
“competent slope” by Gilbert and Murphy (1914). Here, the flow-power 
based entrainment model (Dorrell et al., 2018) is, for the first time, 
shown to unify the Gilbert and Murphy (1914) capacity model with 
Shields (1936) criterion for initiation of motion, with a slope of 
competence Sc = u*ci

2 /gh. 
The flow-power, flux-balance model described here, is valid for open 

channel flows, carrying relatively low concentrations of noncohesive 

Fig. 5. Schematic description of the flow-power flux-balance model, showing the principal model regions and example variations in the concentration of a single 
particle class and the total concentration with height above the bed (not to scale). Note that the particle class concentration in lower layer(s) does not necessarily 
exceed that of the overlying layer. 
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material, where sediments are predominately transported by turbulent 
fluid motion as suspended load, and the mass of sediment supported by 
particle-particle and particle-bed interactions is negligible (Dorrell 
et al., 2013). It also assumes that all particle size classes occur within the 
bed and are not limited to the flow by supply from the bed: as such the 
results are applicable to transport (capacity) limited alluvial channels 
but not necessarily supply limited channels. The polydisperse form of 
the equilibrium model, as applied here, takes into account particle size 
distribution effects, that have a marked influence on the equilibrium 
condition (McLean, 1992; Dorrell et al., 2013, 2018). It should be noted 
that an inherent uncertainty within our and previous similar analyses is 
the application of constants, based on Earth-derived data, including 
those constants for instance used in Eqs. (2) & (10): investigation of 
sediment transport under different gravitational conditions (e.g., 
Kleinhans et al., 2011), would be required to understand their de-
pendency on gravity. 

4.2. Equilibrium shear stress 

An evaluation of the dimensional shear stress at equilibrium for 

different median grain sizes and particle size standard deviations is 
shown for Earth (Fig. 6A) and for different planetary bodies (Fig. 6B). 
These results are for a single case of flow depth, h = 1 m, and sediment 
concentration, c = 0.1%, or 0.001 v/v, within the range for rivers on 
Earth: noting that depth and sediment concentration values vary sub-
stantially for rivers on Earth (e.g., van Maren et al., 2009) and probably 
also on other planetary bodies (see discussion in Kleinhans, 2005; Burr 
et al., 2006; Hoke et al., 2014). For comparison the criteria for the 
initiation of motion (u* = u*c) and onset of suspension (ws = u*) are also 
shown. Predicted equilibrium shear stresses are several times lower on 
Mars, and more than ten times lower on Titan, in comparison with Earth 
(Fig. 6B). The results also show, for all planetary cases, that: i) the 
equilibrium shear stress condition takes a different form, and has sub-
stantially higher values, than the Rouse criterion for suspension (u* =

ws) and; ii) higher shear stresses are required to maintain equilibrium for 
flows carrying coarser and more poorly-sorted material in suspension 
(see also Dorrell et al., 2018). 

In order to better understand the effects of gravity and particle-fluid 
properties, it is also instructive to plot shear stress with the acceleration 
due to gravity, here shown for a single particle size for each of the 

Fig. 6. Shear stress (A-B) and Shields parameter (C-D) required for the threshold of initial motion, suspension and equilibrium conditions with particle size. 
Equilibrium model concentration, c = 0.1% and flow depth, h = 1. Particle standard deviation, σ, is in phi units, ϕ = − log2(d) where d is particle size in mm. 
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particle-fluid cases (Fig. 7A). The formulae in Table 2 have been used to 
compute the shear stress that satisfy equilibrium and the threshold of 
motion and suspension criterion (u* = ws). This analysis shows that the 
shear stress required for all sediment transport criteria scales positively 
with gravity. Increasing shear with increasing gravity is a necessary 
consequence of increased work done keeping sediment in suspension 
(Bagnold, 1966). In addition, gravity also influences the vertical distri-
bution, i.e. stratification, of material in suspension as described by λi 
(Eq. (7)) as a function of the Rouse number, βi (Eq. (6)). Because particle 
settling velocity, ws, increases linearly with gravity, whilst shear stress 
varies with gravity, as u* =

̅̅̅̅̅̅̅̅
ghS

√
, it follows that the particle stratifi-

cation becomes stronger (i.e. less evenly distributed through the flow 
depth) with gravity, increasing proportional to the square root of 
gravity. Therefore, on Mars and Titan particles of a given size require 
less dimensional force to be transported; or alternatively, for a given 
shear stress larger grains will be moved compared with Earth. 

4.3. Dimensionless shear stress 

The results for shear stress are replotted in Fig. 6C–D in terms of the 
Shields parameter. The Shields parameter normalises for gravity, as well 
as the difference in fluid and particle densities, and hence provides a 
more appropriate estimate of the relative mobility of sediment transport 
for different planetary cases. Here we see there is limited variation be-
tween the dimensionless shear stress at equilibrium flow between 
different planetary cases with different particle-fluid systems (Table 1). 
Moreover, it is apparent from Fig. 6C–D that the standard deviation of 
the suspended load particle size distribution exerts a prime control on 
equilibrium flow conditions, comparable if not larger than that exerted 
by the median grain size. 

The variation in dimensionless criteria for incipient motion, sus-
pension and equilibrium flow with gravity indicates that the various 
forces acting on particles are not affected in equal measure (Fig. 7B): 
resulting in a change in the critical Shields values of these criteria for a 
particular particle size. The Shields number for incipient motion de-

creases with dimensionless particle size, Ds =
(
gΔρ/ρν2)1

3d (Soulsby, 
1997) and thus it also decreases proportional to increasing gravity 
(Fig. 7B), even though dimensional shear stress for incipient motion 
increases with gravity (Fig. 7A). The criteria for suspended-load- 
dominated flow and equilibrium flow both increase proportional to 
gravity. For a particular particle-fluid case, the variation in Shields 
numbers, over the range of planetary gravities considered is relatively 
modest, changing by less than an order of magnitude. Due to the 
different particle and fluid properties for different planets, the difference 
in Shields values between planetary cases at their respective values of 
gravity, is smaller compared with any single particle-fluid case. Hence, 
the fundamental force balance ratios that control sediment transport are 
similar for the different planetary cases, with Earth having slightly 
higher Shields number values compared with Mars and Titan for the case 
of water-ice particles, and similar values to Titan for the case of organic 
particles. 

4.4. Equilibrium slope 

Flow conditions can be translated to equilibrium channel slope or 
slope-depth product, using the standard momentum balance formula, 
which balances frictional and gravitational forces, assuming negligible 
downstream variation in flow (Eq.(1)). Equilibrium slopes are thus 
directly related to the equilibrium shear stress, but scaled with flow 
depth instead of reduced density and median particle diameter, as per 

Fig. 7. Shear stress (A) and Shields parameter (B) required for the threshold of particle motion, suspension and equilibrium versus gravity. Horizontal dash-dot lines 
indicates values for Earth. Equilibrium model median particle size, d50 = 250 μm, concentration, c = 0.1%, flow depth, h = 1, and particle standard deviation, σ = 0. 
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the dimensionless Shields number. Considering the same suspended- 
load concentration and flow depth as before, equilibrium slope is 
shown for variable particle size and particle size distributions 
(Fig. 8A–B). Note the slope gradient has an inverse proportional rela-
tionship with depth, where lower slopes are required to maintain 
equilibrium conditions for deeper flows (Eq. (1)). Both particle size and 
size distribution have a strong effect on the equilibrium slope, with 
increased slopes required to carry sediment of a larger size and wider 
particle size distribution. This result is dictated by the requirement for 
increased shear velocities for coarser grained and more poorly sorted 
mixtures (Fig. 6A–B). 

The results show that the difference between predicted equilibrium 
slopes for planetary bodies are modest, suggesting a relatively weak 
dependency on gravity. This supposition may also be shown by plotting 
equilibrium slope with gravity for a single particle size for each of the 
particle-fluid cases (Fig. 9A). For any particle-fluid case there is a 
decrease of equilibrium slope with decreasing gravity. For equilibrium 
flow, us∝

̅̅̅g√ , the slope-gravity dependence is the result of the weaker 
scaling of entrainment with gravity than that of settling velocity, 

E∝
u3

s

g
∝g

1
2 (15)  

ws∝g (16) 

The weaker scaling of entrainment is due to the balance between 
increasing available flow power and work done lifting sediment into 
suspension (Dorrell et al., 2018). However, the particular planetary 
particle-fluid properties of the cases considered interact to limit the 
differences, between Earth and the other planets, to within about a 
factor of two. The net result of gravity and particle-fluid effects is that 
silica-water systems on Earth are predicted to have steeper equilibrium 
slopes than basaltic-water systems on Mars and water-ice methane sys-
tems on Titan. Whereas, owing to the larger particle density, organic- 
rich transport systems on Titan are predicted to have steeper slopes 
than their water-ice counterparts on Titan and silica systems on Earth. 

4.5. Equilibrium discharge 

Following the approach taken by Burr et al. (2006), unit discharge 

Fig. 8. Slope-depth product or slope for h = 1 (A-B) and discharge (C-D) required for the threshold of initial motion, suspension and equilibrium conditions with 
particle size. Equilibrium model concentration, c = 0.1% and flow depth, h = 1. Particle standard deviation, σ, is in phi units, ϕ = − log2(d) where d is particle size 
in mm. 
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(m2/s) is approximated by 

Q = uh =
u3

*

̅̅̅
8
fc

√

gS
(17)  

where u is the depth-averaged velocity, and the Darcy-Weisbach formula 
for a sand bed, 

̅̅̅̅
8
fc

√

= 8.46
(

R
D50

)0.1005

(18)  

where R is the hydraulic radius, which for natural broad terrestrial 
channels can be approximated by the channel depth, and fc is a non- 
dimensional frictional coefficient determined from Eq. (18) (for full 
discussion of this approach, see Burr et al., 2006); noting the use of 
Earth-based empirical constants within this formulation. From Eq. (17), 
discharge at equilibrium conditions may be estimated, and similar to 
shear stress and slope, shows a dependency on suspended-load particle 
size and particle size distribution (Fig. 8C–D). Predicted discharges vary 
proportionally with gravity, such that lower discharges should be ex-
pected in reduced gravity environments for the same flow depth, con-
centration and particle size distribution (Fig. 9B). 

Given the uncertainty in respect of the selection of appropriate 
values for grain size and flow parameters on Mars and Titan, especially 
in the case of Martian palaeo-channels, estimating discharge is 

inherently problematic. Thus, here we show a probabilistic assessment 
of equilibrium discharge based on 2000 evaluations, using a uniform 
sampling of a range of flow depths (1 < h < 10 m), median particle sizes 
(− 2 < ϕ < 4) and particle size distributions (0.01 < σ < 2) (Fig. 10A). 
Particle concentration has not been varied here but is an additional 
controlling parameter on equilibrium flow shear stress and therefore 
discharge rate. The corresponding probabilities for equilibrium slopes 
are also shown (Fig. 10B). These results are within the range of previous 
estimations based on hydraulic geometry i.e. relationships between 
discharge and channel dimensions (e.g., Lorenz et al., 2008; Burr et al., 
2010; Konsoer et al., 2018). For comparison, the same probability 
analysis has been conducted applying the criteria for the threshold of 
suspension, u* = ws (Fig. 10C–D) and motion, u* = u*ci (Fig. 10E–F). 
These thresholds have been used to predict minimum discharges (e.g., 
Burr et al., 2006) and provide values substantially lower than those 
calculated for equilibrium flow conditions. For channels on Titan, 
discharge rates may be better constrained using slope values derived 
from stream profiles (Dhingra et al., 2018) The Hubur and Saraswati 
channels have average slope gradients of ~1 × 10− 3 m/m (see Sup-
plementary Fig. S1). Discharge estimates based on slopes ±50% of this 
slope value suggest median P50 unit discharge rates of ~10 m2/s for 
these channels for equilibrium flow conditions (Fig. 10A). 

Fig. 9. Slope-depth product (A) and unit discharge (B) required for the threshold of particle motion, suspension and equilibrium versus gravity. Horizontal dash-dot 
lines indicates values for Earth. Equilibrium model median particle size, d50 = 250 μm, concentration, c = 0.1%, flow depth, h = 1, and particle standard deviation, σ 
= 0. 
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5. Discussion 

In the discussion, we summarize and discuss the key findings of our 
results. Here we focus on four themes: sediment transport under reduced 
gravity (Section 5.1), implications for the depositional record (Section 
5.2), equilibrium slope and the use of submarine channels as analogues 
(Section 5.3), and implications for predicting discharge (Section 5.4). 

5.1. Sediment transport under reduced gravity 

Sediment transport formulae have been applied previously to 
constrain flow conditions (e.g., flow depth, velocity, unit discharge and 
shear stress) required to entrain and transport sediment by surficial flow 
under reduced gravity on Mars and Titan (e.g., Miller and Komar, 1977; 
Komar, 1979, 1980; Burr et al., 2006, 2013; Grotzinger et al., 2013; 
McSween Jr. et al., 2019). In this work, we have focussed on the con-
ditions required for particle suspension, specifically suspension- 
dominated flow (Fig. 4) and conditions for equilibrium flow by 

application of a new suspended-load equilibrium model (Figs. 6–9). As 
outlined below, the results presented here build on previous work where 
the threshold values for initial motion use Shields (1936) approach, 
transport is based on the Rouse (1937) model of sediment suspension, 
and a new flux boundary condition (Dorrell et al., 2018) is employed to 
close the model for suspended-load equilibrium flow. 

Whilst sediment can be viewed to move more “easily” in reduced 
gravity environments, given the lower dimensional shear stress values 
(or shear velocity) required for particle motion and suspension (Miller 
and Komar, 1977; Komar, 1980; Burr et al., 2006; Grotzinger et al., 
2013; McSween Jr. et al., 2019), the impact of gravity on sediment 
transport is not straight-forward, having opposing effects on the particle 
settling velocity and fluid flow (Miller and Komar, 1977; Komar, 1980). 
The combined effect of gravity results in an overall modest, albeit still 
potentially significant, variation in the ability of flows to transport 
sediment under different gravity conditions: as best illustrated by the 
critical Shields numbers (Figs. 6A–B & 7B) and slope-depth product 
(Fig. 8A–B & 9A) required for sediment-transport thresholds and 

Fig. 10. Cumulative probability of unit discharge and slope based on 2000 evaluations of equilibrium flow (A, B), threshold of suspension (C, D) and threshold of 
motion (E, F) given equally sampled values of flow depth, 1 < h < 10, median particle size, − 2ϕ < d50 < 4 ϕ, and particle size distribution, 0.01 < σ < 2, for c = 0.1%. 
Results constrained for slopes in the range 1 × 10− 3 ± 50%, appropriate for the Titanian Hubur and Saraswati channels are shown as dashed lines. 
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equilibrium conditions. From our analysis it can be seen that variations 
between the planetary cases considered (Table 1) are reduced, compared 
with that of a single particle-fluid case, by the effect of fluid-particle 
properties. 

To distinguish sediment transport modes, previous work has often 
applied the condition B = 1.25 for the onset of particle suspension 
(Komar, 1980; Burr et al., 2006). Following Dade and Friend (1998), 
here we have taken B = 0.3 to instead signify suspension dominate flow 
(Fig. 3), and assessed equilibrium suspended flow based on a flux- 
balance model. Whilst both these approaches show that higher shear 
stresses are necessary for suspended-load-dominated flow, compared 
with B = 1.25 (Fig. 4A & Fig. 6), they similarly indicate that sediment 
should be readily carried in suspension on Mars and Titan. This suppo-
sition, however, assumes the availability of sufficiently fine-grained 
material and similar bankfull slope-depth products as observed on 
Earth (Fig. 4A). Environments with a reduced gravity require lower 
dimensionless shear stresses and values of slope (or slope-depth product) 
for suspended-load sediment transport. Thus, there exists a marginally 
higher potential for suspended-load-dominated flows on Mars and Titan 
compared with Earth (Figs. 4, 6D & 7B) (as noted previously by Komar 
(1980) and Burr and Parker (2006)). Interestingly, this contrasts with 
current satellite and surface based observations of fluvial systems on 
Mars, the depositional characteristics of which overwhelmingly are 
interpreted to reflect bedload-dominated transport regimes (e.g., Wood, 
2006; Williams et al., 2013; Dietrich et al., 2017; Edgar et al., 2017). 
These observations may reflect a physical bias towards bedload trans-
port on these planets, for instance, due to the flow conditions and 
available sediment size. Alternatively, it may reflect an observational 
bias towards coarse-grained bedload deposits, that are better preserved 
in outcrop and more easily observed than finer-grained deposits of 
suspended-load-dominated systems. 

The higher propensity for suspended-load-dominated flow, however, 
does not necessarily hold for cases of high-density fluid-particles ratios, 
as may apply to organic particles on Titan (Fig. 7B) nor for coarser 
particles sizes (> ~ 1 mm) on Mars (Fig. 4). Furthermore, Shields 
numbers and slope-depth values required for initial motion increase 
under reduced gravity conditions (Figs. 7B & 9A) making bedload 
transport effectively “harder” on Mars and Titan compared with Earth. 

Critically the results show that substantially higher shear stresses, 
and thus also Shields numbers and values of slope-depth product, are 
required to satisfy the equilibrium condition compared with the 
commonly applied suspension criterion, B ≅ 1, on Earth and other 
planetary bodies (see also Dorrell et al., 2018); with ramifications for 
predicted slope and discharge of suspended-load-dominated systems. 
Moreover, equilibrium conditions are governed strongly by the particle 
size distribution carried or available to flows, with significant implica-
tions for the applicability of monodisperse sediment transport models, 
that use a single characteristic particle size (e.g., McLean, 1992; Dorrell 
et al., 2013; Dorrell et al., 2018). In terms of sediment transport analysis, 
particle size distribution provides an additional source of uncertainty, 
especially because quantification of appropriate size distributions of 
suspended sediment is challenging, and even more so for extra- 
terrestrial systems. The results presented for equilibrium flow are 
valid for alluvial channels where suspension dominates the transport 
process and flow is not supply limited by an armoured bed or other 
limitations on the availability of sediment. It should also be noted that 
cohesive effects are not modelled, which are clearly important in many 
terrestrial systems, and potentially apply to Martian palaeo-channels 
(Matsubara et al., 2015; Lapôtre et al., 2019). Alternative models, or 
modification to the current model, would be required to explicitly 
explore channel dynamics beyond the scope of the current model (e.g., 
bedload-dominated, bedrock, supply-limited and cohesive channels). 

5.2. Implications for the depositional record 

Whilst modest differences exist in terms of transport potential 

between planetary cases, these differences may affect the character of 
sedimentary systems. Given the same slope and flow depth, and with the 
exception of high fluid-particle ratio systems, somewhat coarser sand – 
by up to ~100 μm – may be moved in suspension on Mars and Titan 
compared with Earth (Fig. 8B). This material may also be moved further 
leading to overall longer transport systems (Burr and Parker, 2006). 
Hence, under reduced gravity conditions a higher fraction of coarse 
sediment load may be expected to be transported by rivers and streams, 
which would impact the characteristics of fluvial and other sedimentary 
systems. For instance, shoreline systems and submarine-fan systems fed 
by sediment derived from rivers should be overall coarser-grained 
compared with their terrestrial counterparts. In terms of bedforms, the 
regime boundary between bedforms formed principally under bedload 
and suspended-load-dominated flow (i.e. between ripples/dunes and 
transitional/upper plane bed conditions) should be shifted to coarser 
particle sizes for grain sizes in the range of 100–500 μm (a subtle effect 
also indicated within previously published bedform stability diagrams e. 
g., see Fig. 10c of Grotzinger et al., 2013). Moreover, given the greater 
propensity for suspended-load-dominated load flow under reduced 
gravity, bedforms produced under transitional and upper plane bed re-
gimes may be overall more prevalent than those associated with bedload 
during lower regime flows (i.e. ripple and dune regimes). The greater 
prevalence of material to be transported as suspended-load (and wash 
load) under reduced gravity, has also been speculated to be a possible 
reason for the rarity of alluvial depositional landforms on Mars (Burr 
and Parker, 2006; Carling et al., 2009). The variations in sedimentary 
systems discussed above would be expected to be reversed in the case of 
high-density organic particles on Titan. 

5.3. Equilibrium slope and submarine channels analogues 

Results indicate that under reduced gravity conditions alluvial 
geomorphological forms developed by suspended-load flows should 
tend towards gentler slopes compared with equivalent systems on Earth 
(Figs. 8B & 9A); here again excepting high fluid-particle ratio systems. 
This outcome is in contrast to other recent work that has concluded 
channels should adjust to become steeper under reduced gravity con-
ditions. This alternate conclusion is based on the analysis of terrestrial 
hydraulic geometry data (i.e. relationship between bankfull channel 
geometry and discharge), specifically the relationship between channel 
geometry and unit driving-force for fluvial and submarine channels 
(Konsoer et al., 2018). Here we explain the rationale proposed for using 
submarine channels as analogues for extra-terrestrial channels devel-
oped under reduced gravity, and why submarine channels should be 
expected to develop steeper slopes compared with rivers, before exam-
ining if the conclusion that steeper channels should form on planets with 
a reduced gravity is valid. 

Submarine channels formed by turbidity currents on Earth have been 
used as analogous for subaerial river and outwash channels formed 
under reduced gravity (Komar, 1979; Konsoer et al., 2018). This 
approach is based on the reasoning that, due to the buoyancy created by 
the ambient water, the “effective gravity” acting on a turbidity current is 
reduced. For a turbidity current, the shear velocity may be approxi-
mated by u* =

̅̅̅̅̅̅̅̅̅
g′hS

√
, where the “reduced gravity”, referred to as the 

“current’s reduced gravity” to distinguish it from planetary gravity, g′ =
g(ρc− ρa)/ρa, and ρc and ρa are the densities of the current and the 
ambient fluid, respectively (Kneller and Buckee, 2000; Kneller, 2003). 
Konsoer et al. (2018) presented data showing that submarine channels 
have slopes up to three orders of magnitude steeper than their fluvial 
counterparts of comparative bankfull hydraulic geometry. They thus 
concluded that channels formed under reduced gravity on other planets 
also should adjust to steeper quasi-equilibrium slopes. 

Recalling Eq. (1), for open channel flows, the slope at equilibrium 
conditions should satisfy, S = τ*e/ρgh. For turbidity currents, channel 
slope similarly should follow, S = τ*e/ρg′h. Given values appropriate for 
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Earth (g = 9.8 ms− 2, ρa = 998 kgm− 3, ρs = 2650 kgm− 3 and assuming 
0.01 < c(%) < 1), values for the current’s reduced gravity range between 
0.002 < g′ < 0.2. By virtue of the fact that, g′ ≪ g, and the shear stress 
required for equilibrium, τ*e, does not vary substantially between open 
channel flows and turbidity currents, it may be seen that turbidity cur-
rents require at least an order of magnitude higher slope, than those for 
rivers, to maintain equilibrium conditions. The increased slope of sub-
marine channels compared with river systems (as observed by Konsoer 
et al., 2013, 2018), can therefore be understood to be a consequence of 
the reduced shear stress imposed by turbidity currents on the bed, as a 
function of g′. 

Turbidity currents on Earth, like rivers under reduced gravity envi-
ronments on smaller planetary bodies, impose a smaller shear stress on 
the bed compared with terrestrial rivers (Fig. 7A). However, turbidity 
currents cannot directly replicate geophysical flows on other planets due 
to the gravity term, which describes particle dynamics (Eqs. (15) & 
(16)), being different when comparing Earth and other planets. We thus 
conclude that the supposition that river channels should develop steeper 
channels under reduced gravity conditions, based on hydraulic geome-
try data of submarine channels, is physically flawed. 

5.4. Implications for the discharge predictions 

Constraining the discharge of channels on Mars and Titan is of 
particular interest given that predicted values may be used to evaluate 
precipitation rate and hence climate (Perron et al., 2006; Lorenz et al., 
2008), or on Mars, the volume of outflows of subterranean water (Carr, 
1979; Baker, 2001). Minimum discharge predictions have been made 
previously based on a “threshold channel approach”, by calculating the 
shear velocity required to entrain and transport sediment using the 
critical Shields number for channel bed sediment (e.g., Burr et al., 2006; 
Perron et al., 2006; Dietrich et al., 2017; Morgan and Craddock, 2019). 
This method assumes bedload-dominated transport in channels, which 
whilst it may be appropriate for gravel-bed channels, may not be valid 
for finer-grained channels (Fig. 4; Dade and Friend, 1998; Church, 
2006). If suspended-load conditions instead are assumed to dominate, 
application of a capacity criterion for suspended load, such as that 
provided by the equilibrium model used here, to estimate bankfull flow 
conditions leads to substantially higher predictions of discharge 
(Fig. 10). Moreover, it should be noted that equilibrium conditions, as 
predicted by the flux-balance approach, yield results that differ to the 
application of the Rouse suspension criterion. Given the large un-
certainties in the channel boundary conditions of extra-terrestrial 
channels, a probability-based analysis may be more appropriate for 
estimating probable channel discharges (Fig. 10). 

Alternatively, given the limited availability of grain size and other 
required boundary conditions, hydraulic geometry relations have been 
used to estimate channel discharge (Dietrich et al., 2017; Morgan and 
Craddock, 2019). A gravity correction commonly is applied using 
gravitational scaling factors (e.g., Irwin et al., 2005; Burr et al., 2010), 
however, based on the analysis of submarine channels this was consid-
ered unnecessary (Konsoer et al., 2018). As discussed in the previous 
section, it may be concluded that sediment transport in submarine 
channels do not represent faithfully the physics of sediment transport 
under reduced gravity conditions. Using the equilibrium model it can be 
shown that discharge varies with gravity for flows of the same depth 
(Fig. 9B). Channels developed under different strengths of gravity, 
therefore, do not follow a unique hydraulic geometry discharge-depth 
relationship (Fig. 11). Thus, this result suggests scaling factors should 
be applied to terrestrial hydraulic geometry data in order to correct for 
the effect of gravity. 

6. Summary 

In this work constraints for suspended-load transport on different 
planetary bodies have been examined applying a theoretical model for 

equilibrium sediment transport (zero net erosion and deposition). The 
equilibrium model presented is applicable to transport (capacity) 
limited alluvial channels and, for the first time, unifies the Gilbert 
relationship for slope and flow capacity with the Shields criterion for 
incipient motion. The hydraulic modelling results presented here sug-
gest the following key findings:  

1. Substantially higher shear stresses, Shields numbers and slope-depth 
values, are required for suspended-load equilibrium sediment 
transport compared with values predicted by the commonly used 
suspension criterion (ws ≅ u*). Moreover, the equilibrium condition 
is strongly governed by the suspended particle size distribution of 
flows, highlighting the limitation of monodisperse models to accu-
rately forecast sediment transport parameters (McLean, 1992; Dor-
rell et al., 2013; Dorrell et al., 2018).  

2. Only modest differences exist in a flow’s ability, as assessed using the 
Shields parameter or slope-depth product, to transport sediment on 
Earth, Mars and Titan. This conclusion mainly is due to the 
compensating effects of gravity on sediment transport, that in-
fluences both the bed shear stress and particle settling velocity, but 
also the physical properties of the dominant particle-fluids systems, 
that partially compensates for differences produced by gravity. This 
work thus agrees with the synopsis of Komar (1980).  

3. Suspended-load-dominated flow should be achievable on Mars and 
Titan, assuming the availability of sufficiently fine-grained sediment 
and flow depths and channel slopes comparable to those on Earth. 
With the exception of systems involving high particle-fluid density 
ratios, such as may apply to organic particles on Titan, there should 
exist a slightly higher propensity for suspended-load-dominated re-
gimes in reduced gravity environments compared with Earth.  

4. Making the assumption that Martian or Titanian channels were 
formed by suspended-load-dominated flows, leads to the prediction 
of substantially higher discharges for channels, compared with 
mechanistic-based models for bedload channels. Application of the 
equilibrium model, also provides higher discharge prediction than 
the suspension criterion ws ≅ u*. This outcome has significant im-
plications for precipitation models, and would indicate relatively 
high discharges due to wetter climates or larger volume outwash 
flood events. 

Fig. 11. Equilibrium unit discharge versus flow depth for Earth, Mars and Titan 
cases (Table 1). Model concentration, c = 0.1%, median particle size, d50 = 250 
μm and particle standard deviation, σ = 0. Circles show empirical data reported 
by Konsoer et al. (2018) for terrestrial rivers based on measured bankfull 
values; filled circles are for rivers predicted to carry large proportions of 
suspended-load material based on u* > ws. 

L. Amy and R. Dorrell                                                                                                                                                                                                                         



Icarus 360 (2021) 114243

15

5. Suspended-load channels at equilibrium should develop gentler 
slopes under reduced gravity conditions. This conclusion is opposite 
to the notion that channels morphologically adjust to steeper slopes 
under a reduced gravity, as has been proposed previously based on 
generalized hydraulic geometry relationships of submarine channels. 
We consider that the use of submarine channels as analogues for 
extra-terrestrial river channels formed under a reduced gravity 
compared with Earth is flawed. This conclusion is because the net 
effect on sediment transport of a reduced planetary gravity, g, is not 
the same as that caused by a turbidity current’s “reduced gravity”, g′.  

6. Overall, the modest variations of the transport ability of flows and 
equilibrium slopes on different planets, suggests that planetary sur-
faces should evolve self-similar fluvial forms. However, it may be 
speculated that the relatively small variations that do exist between 
planets could still result in variations in the character of sedimentary 
systems on different planets and the depositional record. 

Notation 

β Rouse number 
θ Shields number 
θc Critical Shields number for incipient motion 
θs Critical Shields number for suspension 
θe Critical Shields number for equilibrium 
κ von Kármán constant 
λ Stratification shape function for particle concentration 
μ Dynamic viscosity 
v Kinematic viscosity 
νt Eddy viscosity 
ρ, ρs Fluid and particle density 
∆ρ Difference in particle and fluid density 
ρc, ρa Current and ambient fluid density for a turbidity current 
τ* Bed shear stress 
τc Critical shear stress for incipient motion 
τs Critical shear stress for suspension 
τe Critical shear stress for equilibrium 
B Ratio of particle setting velocity to shear velocity, wsi/u* 
ci Volumetric concentration of particulate material of the ith 

particle class in suspension 
c Total volumetric concentration of particulate material in 

suspension at equilibrium (i.e. capacity) 
cm Packing volumetric concentration of the bed 
ci
+ Volumetric concentration of the ith particle class at a near-bed 

height, z+, above the bed 
ci
− Volumetric concentration of the ith particle class in the active 

layer at the top of the bed 
di Particle diameter of the ith particle class 
d50 Median particle diameter 
Ds Dimensionless particle diameter 
Ei Entrainment rate from the bed of the ith particle class 
fc Dimensionless frictional coefficient in the Darcy-Weisbach 

formula 
g Gravitational acceleration 
g′ Reduced gravitational acceleration (turbidity current) 
h Flow depth 
i Index parameter indicating the ith particle class 
K Eddy diffusivity 
L Mixing length 
Q Unit discharge 
r Submerged specific density of a particle, r = ∆ρ/ρ 
R Hydraulic radius of a channel 
S Slope of the bed (m/m) 
Sc Slope of competence 
Sct Turbulent Schmidt number 
u Depth-averaged flow velocity 
u* Shear velocity 

u*c Critical shear velocity at incipient motion 
u*e Critical shear velocity for equilibirum 
ws Particle settling velocity 
z Height above the bed 
z+ Near-bed reference height above the bed 
Z Dimensionless height above the bed 
Z+ Dimensionless near-bed reference height above the bed 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.icarus.2020.114243. 
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