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Abstract15

There is abundant evidence from fluvial landforms and deposits that Mars had rivers that16

actively transported sediment and shaped its surface. Sediment transport equations are17

playing a key role in quantifying river processes from these observations, which continue18

to increase in quality and quantity. In this study, we review sediment transport equa-19

tions developed on Earth and isolate the effect of gravity for the case of an alluvial chan-20

nel. We compare 33 formulas used to calculate the sediment transport rate, under transport-21

limited conditions, for grain sizes that range from silt to boulders and a lognormal sed-22

iment distribution. Results indicate that for a given discharge, channel morphology and23

grain size, the lower gravity on Mars compared to Earth results in: 1) larger grains mo-24

bilised on Mars and transported in suspension, and 2) larger suspended sediment trans-25

port rates on Mars and therefore larger total transport rates. Importantly, the effect of26

gravity is different for bed load and suspended load, with nonlinearity at the bed load-27

suspended load transition zone. Therefore, typical total-load transport relations that do28

not distinguish between bedload and suspended load are not appropriate for other plan-29

ets as they simplify the effect of gravity. Gravity-driven differences in fluvial sediment30

transport should produce differences in sediment sorting, morphology and stratigraphy31

between Earth and Mars. Additionally, our results show how Earth-derived fluvial sed-32

iment transport theory can be applied beyond Mars to other planets and moons.33

Plain Language Summary34

There is much evidence that Mars had rivers that actively transported sediment35

and shaped its surface. Preserved ancient landscapes altered by water provide valuable36

insights into past processes on the planet’s surface and the presence of water. To bet-37

ter understand these landforms, we rely on knowledge gained from systems on Earth.38

However, is it fair to do so when the gravity on Mars is much lower? How does gravity39

affect sediment transport and the landforms created by water? In this study, we isolate40

the effect of gravity on sediment transport by water with an analytical river model. We41

used 32 sediment transport formulas to compare sediment transport rates on Earth and42

Mars for the same conditions except gravity. The results show that larger grains are picked43

up by the flow on Mars and the transport rate of sediment travelling in suspension is higher,44

and therefore total transport as well. Because grains transported near and on the bed45

are less affected than the grains in suspension, the effect of gravity varies with the way46

of transport and hence grain size. Therefore, gravity-driven differences in sediment trans-47

port by water should produce differences in sediment sorting, morphology and stratig-48

raphy between Earth and Mars.49
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1 Introduction52

Similar to Earth, surface dynamics have shaped the landscape of Mars. Since the53

first Viking images in 1976, many landforms at the surface of Mars have been identified54

that indicate ancient fluvial activity (Carr, 2012), such as depositional river channels (Fig. 1A-55

C; e.g., Dickson et al., 2021), deltas (Fig. 1C-G; e.g., Malin & Edgett, 2003; Di Achille56

& Hynek, 2010; DiBiase et al., 2013; Hauber et al., 2013; S. A. Wilson et al., 2021; De57

Toffoli et al., 2021), alluvial fans (Fig. 1H; e.g., Moore & Howard, 2005; Kraal et al., 2008;58

S. A. Wilson et al., 2021), valleys and valley networks (Fig. 1I; e.g., Hynek & Phillips,59

2003; Hynek et al., 2010; Bahia et al., 2022), open (or chain) crater lakes (Fig. 1J; e.g.,60

Cabrol & Grin, 1999, 2001, 2003; Fassett & Head III, 2008) and outflow channels (Fig. 1K-61

L; e.g., Sharp, 1973; Baker & Milton, 1974; Harrison & Grimm, 2008). Further evidence62

–2–



manuscript submitted to JGR: Planets

comes from the Curiosity, Opportunity and Perseverance rovers. For example, by study-63

ing sedimentary strata in outcrops the Perseverance rover found evidence that the fan64

in Jezero crater could be of deltaic origin (Mangold et al., 2021) and Curiosity found ev-65

idence for an ancient lake in Gale crater (Grotzinger et al., 2015). These landforms formed66

as a result of entrainment, transport and deposition of sediments by a fluid, most likely67

liquid water (Murchie et al., 2009; Ehlmann et al., 2011). Thus, fluvial landforms and68

deposits potentially record habitable environments.69

A key method to invert flow rates and timescales of these ancient rivers on Mars70

comes from sediment transport theory (Komar, 1979; Kleinhans, 2005; Grotzinger et al.,71

2013; Hayden et al., 2019). Sediment transport rates of ancient systems on Mars, how-72

ever, are difficult to estimate since transport rates (the volume or mass of sediment moved73

over time through a river cross section) depend on grain size, transport mode, hydraulic74

conditions and gravity. Because the ancient fluvial systems on Mars are no longer ac-75

tive (e.g., Carr, 2012), all parameters to calculate sediment transport need to be esti-76

mated from deposits or landform morphology, similar to ancient inactive channels on Earth77

(Larsen & Lamb, 2016). This is not straight forward, as alteration has likely occurred78

by erosion, weathering and aeolian filling (Golombek et al., 2014). Mars provides extra79

challenges as these conditions must be determined from orbit or by rovers, therefore data80

type and availability are more limited resulting in fewer available methodologies for paleo-81

environmental reconstruction. Nonetheless, if input parameters can be determined, we82

can systematically investigate sediment transport by applying physical and empirical trans-83

port equations derived for Earth under martian conditions.84

Fluvial sediment transport on Earth has been studied since the early 20th century85

and is typically divided into three modes (Einstein et al., 1940): Bed load, suspended86

load, and wash load. Bed load is the portion of the grains that is transported close to87

the bed by rolling, sliding and saltation. Smaller grains have transport trajectories in-88

fluenced by turbulence and can be transported higher in the water column as suspended89

sediment. Wash load are the smallest grain sizes that are sufficiently fine that they are90

transported uniformly through the water column as a result of extremely low settling91

velocities. These transport modes are expected to occur on Mars, but with possible dif-92

ferences due to differences in gravitational acceleration (Komar, 1980; Burr et al., 2006),93

fluid density and viscosity (e.g., for the case of brines Lamb et al., 2012), and sediment94

densities (The surface of Mars is predominantly basaltic which has a higher density than95

quartz- and feldspar-dominated rocks that dominate Earth; e.g., Christensen et al., 2000).96

As sediment transport depends on gravitational acceleration, applying semi-empirical97

theory to Mars requires special consideration (Komar, 1979; Grotzinger et al., 2013). Grav-98

ity affects the sediment transport rate because it affects river hydraulics, which drives99

sediment transport, as well as sediment properties directly such as particle weight. For100

instance, on the one hand, the shear stress acting on the riverbed induces movement, and101

for a given river water depth and channel-bed slope, lower gravity should produce a lower102

bed shear stress. On the other hand, reduced weight of the sediment can counteract this103

trend, leading to reduced settling velocities and higher mobility.104

Previous work has mostly focussed on the boundaries between transport modes:105

the initiation of sediment motion and the onset of significant suspension (Komar, 1980;106

Burr et al., 2006; Grotzinger et al., 2013; Amy & Dorrell, 2021). They found that big-107

ger grains are more easily entrained on Mars compared to Earth (Komar, 1980; Grotzinger108

et al., 2013), that fluvial suspended sediment transport is more efficient on Mars (Amy109

& Dorrell, 2021) and that hyper-concentrated flows might be common (Komar, 1980; Burr110

et al., 2006). However, there has yet to be a systematic study on the effect of gravity on111

sediment transport rates within each transport mode. Transport rate equations are needed112

to estimate landform formation timescales (Komar, 1979; Kleinhans et al., 2010; Salese113

et al., 2020; Hayden et al., 2021), understand downstream sorting trends, and predict114

morphodynamic evolution of the martian surface. For Earth, several semi-empirical flu-115
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vial sediment transport relations (based on laboratory experiments or field data) have116

been developed to predict transport rates, depending on the near-bed sediment concen-117

trations, shear stress induced by the flow and the sediment properties. Some of them have118

different functional forms and some have different dependencies on gravity (e.g., de Leeuw119

et al., 2020). In this study we analysed 20 different bed load transport equations, 11 sus-120

pended sediment entrainment equations, and 2 total load relations to better understand121

the effect of gravity on sediment transport rates between Earth and Mars. In particu-122

lar we aim to: 1) test the response of hydraulic and associated sediment transport pa-123

rameters for a range of values for gravitational acceleration; 2) estimate bed, suspended124

and total load sediment transport for a range of sediment grain sizes and a mixed grain125

size distribution; 3) compare the suitability of sediment transport relations for applica-126

tion to Mars.127

2 Methods128

In this section we first discuss our choice of model input parameters (section 2.1).129

Second, we use those input parameters to calculate the hydraulics, using equation 1–7130

(section 2.2). Third, we use the hydraulic parameters to calculate several parameters re-131

lated to sediment mobility using equation 8–13 (section 2.3). Using hydraulics and mo-132

bility parameters sediment transport is calculated. We show 30 transport relations in133

Table 2 that we use to evaluate bed load and suspended transport (section 2.4). Total134

load is calculated in two different ways. First, an empirical total load equation that im-135

plicitly combines bed and suspended load is used. Second, we explicitly combined a bed136

load and suspended sediment entrainment relations to calculate the total load (section 2.5).137

Lastly, we investigate the total transport rate of a sediment mixture (section 2.5).138

2.1 Model input139

We isolate the effects of gravity on fluvial sediment transport relations using an-140

alytical theory and a code in MATLAB R2022b. We assume an alluvial, single-thread,141

open channel with a fixed channel width and slope (Table 1). Although case studies could142

be done from orbital or rover data, we chose an idealised scenario so that the effect of143

gravity between Earth and Mars could be isolated with the exact same boundary con-144

ditions for fair comparison. In addition, we choose an arbitrary temperature to calcu-145

late viscosity and water density (Table 1). To calculate water flow, one more boundary146

condition is required. The most obvious parameter would either be water discharge or147

water depth. Keeping one or the other equal between model scenarios will lead to dif-148

ferent outcomes. Though both were investigated in terms of hydraulics, we use discharge149

as a boundary condition (i.e., independent variable) to calculate sediment transport and150

the results for a water level boundary on transport are shown in the Appendix. For grav-151

ity, we use a value of 3.7 m/s2 for Mars and 9.8 m/s2 for Earth.152

For sediment boundary conditions we use a sediment density of 2900 kg/m3, which153

is in the density range of basalt (as in Burr et al., 2006; Amy & Dorrell, 2021). This ig-154

neous rock type is more common on Mars than on the continental areas on Earth, for155

which quartz 2650 kg/m3 is more typical. The grain size range used varies from silt to156

large boulders. All input and boundary conditions that were used fall in a realistic range157

of conditions for Earth and Mars.158

2.2 Hydraulic calculations159

For an assumed discharge, Q, in m3/s and channel width, W , in m we use mass160

balance to calculate water depth, h, in m assuming incompressible flow:161
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Figure 1. Examples of fluvial landforms on Mars. Inverted meandering depositional chan-

nel at (A-B) Aeolis Dorsa (HiRISE, 5.8◦S, 205.4◦W and 5.0◦S, 205.1◦W) and (C) Eberswalde

(HiRISE, 23.8◦S, 33.6◦W). Deltas at (D) Eberswalde (MOLA/HRSC+CTX, 23.8◦S, 33.6◦W),

(E) Jezero crater (CTX, 18.5◦N, 282.7◦W), (F) Aeolis Dorsa (MOLA/HRSC+CTX, 6.2◦S,

208.6◦W) and (G) Holden crater (MOLA/HRSC+CTX, 26.9◦S, 34.5◦W). (H) Alluvial fans

(MOLA/HRSC+CTX, 21.4◦S, 39.4◦W), (I) valley drainage network (MOLA/HRSC+CTX,

42.1◦S, 92.8◦W), (J) chain lake system (MOLA/HRSC+CTX, 3.0◦N, 16.1◦W), (K)

mega-outburst channels (MOLA/HRSC+CTX, 27◦N, 58◦W) and (L) outburst channel

(MOLA/HRSC+CTX, 15.5◦S, 38.6◦W).

–5–



manuscript submitted to JGR: Planets

Table 1. Model boundary conditions

Symbol Value default scenario Unit Comment other scenarios

Boundary conditions flow

Channel width W 200 m
Channel slope S 0.001 m/m
Water density ρ 1000 kg/m3

Temperature T 4 ◦C
Gravity acceleration g 3.7, 9.8 m/s2 Fig. 3 and 4 use a range: 1–12
Discharge Q 2000 m3/s Fig. 3 and 7a use a range: 250–15000,

Q is calculated in Fig. 4
Water depth h calculated m Fig. 4 and 8b use a range: 0.5–15
Velocity u calculated m/s Fig. 8c uses a range: 0.5–6.5
Shear stress τ calculated m2/s Fig. 8d uses a range: 1–100

Boundary conditions sediment

Sediment density ρs 2900 kg/m3

Median grain size D50 63e-6–1e0 m
Angle of repose ϕ 30 ◦

Calculated parameters

Relative density R 1.9 −
Kinematic viscosity ν 1.54e-6 m2/s

h =
Q

Wu
(1)162

where u is the cross-sectionally and depth-averaged flow velocity in m/s. To find u we163

use the Darcy-Weisbach equation, which is a hydraulic resistance equation given by164

u = u∗

√
8

f
(2)165

where u∗ is the bed shear velocity in m/s and f is a semi-empirical, non-dimensional fric-166

tion factor that can be determined using the White-Colebrook function, which is a drag167

law and assumes hydraulic rough flow, written as168

√
8

f
= 5.75 log

(
12h

ks

)
(3)169

where ks is the Nikuradse bed roughness scale in m, here estimated to be 2.5 times the170

median grain diameter, D50. Here we neglect larger bedforms and channel forms that171

can substantially increase flow resistance. Thus, the flow velocities we calculate should172

be seen as upper bounds. Conservation of momentum, under the assumption of steady173

and uniform flow, and a balance between the driving stress and the resisting stresses on174

the channel walls and bed yields175

τ = ρgRwS = ρu2
∗ (4)176

where τ is the driving stress in N/m2, ρ is the water density in kg/m3, g is gravity in177

m/s2, S is the channel bed slope in m/m and Rw is the hydraulic radius in m. The hy-178

draulic radius for a rectangular channel with equivalent wall and bed roughness is given179

by180

Rw =
hW

2h+W
(5)181
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In addition to the hydraulic parameters, we calculated the Froude and the Reynolds182

number to investigate the effects of gravity on the transition between subcritical and su-183

percritical, and laminar and turbulent flow, respectively:184

Fr =
u√
gh

(6)185

Re =
uh

ν
(7)186

where ν is the kinematic viscosity in m2/s. This version of the Froude formula assumes187

open channel flow and a rectangular cross section.188

2.3 Supporting fluvial sediment transport parameters189

The mobility of the bed sediment can be expressed by the particle mobility param-190

eter, i.e., Shields number, defined as191

θ =
τ

(ρs − ρ)gD
(8)192

where ρs is the sediment density in kg/m3 and D is the grain size in m. The Shields num-193

ber, θ, is a nondimensionalisation of the bed shear stress. The initiation of motion of par-194

ticles on the bed is commonly described by the Shields curve, which provides a critical195

Shields number, θcr, for the initiation of motion of each grain size. Over the years, many196

critical Shields curves have been formulated, of which we compared 18 in Appendix Sec-197

tion A1 (Mantz, 1977; Brownlie, 1981; Collins & Rigler, 1982; Komar & Clemens, 1986;198

Soulsby, 1997; Paphitis, 2001; Zanke, 2003; Cao et al., 2006; van Rijn, 2007; Beheshti199

& Ataie-Ashtiani, 2008; Simões, 2014; Kleinhans et al., 2017; Lapôtre & Ielpi, 2020). The200

comparison shows that most of the relations produce similar results (Fig. A1). Thus, in201

the subsequent calculations for sediment transport rates we used the physics-based re-202

lation of Zanke (2003) (Equation A1-A9). Although some sediment transport relations203

were designed to be used with a specific critical Shields number relation (Table 2), we204

use Zanke (2003) for all cases for purposes of comparison.205

Bagnold (1966) defines the transition between bed load and suspension by the ra-206

tio of the downward component (settling velocity) and the upward component (turbu-207

lence) called the movability number k, where208

k =
ws

u∗
(9)209

and ws is the settling velocity in m/s. Various values for k have been used in the past210

([1–1.79] see Komar, 1980), however we use k = 1 for the suspension threshold for sim-211

plicity.212

The velocity with which particles settle from the water column results from bal-213

ancing the drag with the gravitational forces. We use the equation from Ferguson and214

Church (2004) given by215

ws =
RgD2

C1ν +
√
0.75C2RgD3

(10)216

where R is the relative density, (ρs−ρ)/ρ, and C1 and C2 are constants. C1 is the con-217

stant in Stokes’ equation for laminar settling and C2 is the constant asymptotic value218
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of the drag coefficient. Both coefficients are related to the smoothness/roughness, an-219

gularity, and sphericity of the particles and we use 20 and 1, respectively (Ferguson &220

Church, 2004).221

Additional parameters that were calculated are the particles Reynolds number Rep,222

the Bonnefile parameter D∗, i.e., non-dimensional grain size, and the advection length223

LA (Lamb et al., 2010) (Eq. 11–13). The particle Reynolds number and Bonnefile pa-224

rameter are used in several sediment transport equations (Table 2). The advection length225

provides the average horizontal distance travelled by a particle before settling, which is226

important for morphology. Rep, D∗ and LA are given by227

Rep =
D3/2

√
Rg

ν
(11)228

D∗ = D

(
Rg

ν2

)1/3

(12)229

LA =
uh

ws
(13)230

2.4 Bed and suspended load sediment transport equations231

The hydraulic conditions and parameters related to sediment mobility, discussed232

above, serve as input for the sediment transport formulations. We used 20 bed load trans-233

port equations and 11 suspended sediment entrainment equations(Table 2). For all sed-234

iment transport calculations, we assume that transport is limited by the flow and sed-235

iment availability is unlimited. We evaluated these formulas using a single characteris-236

tic particle size for each scenario. Although riverbeds tend to have a mixture of parti-237

cle sizes, it has been shown that finer particles tend to be sheltered between larger par-238

ticles and thus are more difficult to move than expected (e.g., Parker, 1990). In addi-239

tion, larger particles are more exposed to the flow, and can roll more easily over smaller240

particles, rendering their mobility greater than expected. The result of these grain hid-241

ing and exposure effects is that sediment transport of the entire mixture is often well char-242

acterized by using the median particle size, D50, in the transport relation. The shields243

number in the bed load transport and entrainment relations should be the component244

due to skin friction, not due to form drag from bedforms or channel forms (e.g., Smith245

& McLean, 1977). Here we neglect bedforms and assume form drag is negligible for pur-246

poses of comparison. This assumption likely renders the sediment loads we calculate too247

large.248

The volumetric bed load transport per unit channel width is defined in non-dimensional249

form (Table 2) using the Einstein parameter250

ϕb =
qb√

RgD3/2
(14)251

where qb in the bed load transport in m2/s (m3/s per m channel width). The suspended252

concentration profile, C, in m3/m3 depends on a near-bed reference concentration, Ca,253

in m3/m3 (Table 2) at the reference height above the bed, a, in m with which a Rouse254

profile is calculated. Here we assume an equilibrium suspension such that the near bed255

reference concentration is equal to the entertainment parameter, Es. By integration and256

multiplication with the velocity profile, U , in m/s we obtain suspended transport:257

qs =

∫ h

a

C · Udz =

∫ h

a

Ca

(
h− z

z

a

h− a

)P

· u∗

κ
ln

(
z

z0

)
dz (15)258
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where z0 is the zero-velocity level defined by 0.033·ks and P is the Rouse number (Rouse,259

1937),260

P =
ws

βκu∗
(16)261

where κ is the von Karman’s constant taken to be 0.41 and the constant β taken to be262

1 as it is likely near unity but can vary due to differences in turbulent diffusivity of the263

suspended sediment relative to momentum (e.g., de Leeuw et al., 2020). Since β and Es264

are often calibrated together, it is best to use specific paired relations as given by the265

original studies. However, for purposes of comparison, here we assume β is unity for all266

cases.267

2.5 Total sediment transport and mixtures268

The total transport load is evaluated in two ways (Table 3). First, an empirical to-269

tal load equation is used that implicitly combines bed and suspended load (Engelund &270

Hansen, 1967). Second, we follow de Leeuw et al. (2020), which is the most recent study271

to the authors knowledge that explicitly combines bed and suspended load transport to272

determine total transport.273

The non-dimensional total transport rate, ϕt, by Engelund and Hansen (1967) is274

given by275

ϕt =
0.1

f
θ2.5 (17)276

which can be converted to dimensional total transport, qt, in m2/s using Equation 14.277

To obtain total sediment transport in m3/s the value is multiplied with the channel width.278

The total transport by de Leeuw et al. (2020) is determined by explicitly adding279

the bed load transport rate, qb, and the suspended transport rate, qs. Following de Leeuw280

et al. (2020), bed load transport is determined using the relation by Fernandez Luque281

and van Beek (1976) (Table 2). The near-bed volumetric concentration within the bed282

load layer can then be calculated as283

Cb =
qb

hbub
(18)284

where hb is the bed load-layer thickness in m and ub the bed load velocity in m/s de-285

scribed by286

hb = 0.6

(
Fr

(
D

h

)2
)0.3

(19)287

ub = 0.6u (20)288

determined from Chatanantavet et al. (2013) as in de Leeuw et al. (2020). Suspended289

transport is calculated by substituting Cb at elevation hb for Ca and a in equation 15290

(Table 3). For the calculation of total transport, we also substitute the Rouse number291

where β = 1 (Equation 16) in equation 15 with the specific Rouse number as defined292

in de Leeuw et al. (2020). This was done to more fairly compare the two methodologies,293

because de Leeuw et al. (2020) was originally calibrated using294
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Table 2. List of bed load, suspended sediment entrainment, and total load fluvial sediment

transport formulas. We indicate where it was not possible to obtain the equation directly from

the original paper due to the lack of access to the paper, language barriers or pay walls. The

equations of the publications with a * are used to calculate total transport from a combination of

a bed load and suspended sediment entrainment equation.

Bed load transport formulas
Reference Einstein predictor bed load Φb Comments

Einstein (1942)α 2.1exp
−0.391

θ

Meyer-Peter and Müller (1948) 8(θ − θcr)
1.5 0.047 was replaced by θcr

Meyer-Peter and Müller (1949)α (4θ − 0.188)1.5

Einstein (1950)ζ 3.97(θ − θcr)
1.5

Bagnold (1966)ω
ebuτ

(ρs−ρ)g cosS(tanϕ−tanS)
/(
√

gRD3
50) eb = a log 3.28u + b where a and

b depend on grain size

K. C. Wilson (1966)ξ 12θ1.5

Ashida and Michiue (1972)α 17(θ − θcr)(
√
θ −

√
θcr) 0.05 was replaced by θcr

Fernandez Luque and van Beek
(1976)

5.7(θ − θcr)
1.5

Engelund and Fredsoe (1976) 5p(
√
θ − 0.7

√
θcr) p = (1 + (

π
6

β

θ−θcr
)4)−0.25, β = 1

as in Garcia (1991)

Parker (1979)αω 11.2
(θ−θcr)4.5

θ3
0.03 was replaced by θcr

Smart (1984) 4.2S0.6( u
u∗ )

√
θ(θ − θcr)

van Rijn (1984a) 0.053D−0.3
∗ T 2.1

0 T0 =
u2
∗−u2

∗cr
u2
∗cr

van Rijn (1984a)ω 0.1D−0.3
∗ S1.5

0 S0 = θ−θcr
θcr

Nielsen (1992) 12
√
θ(θ − θcr)

Ribberink (1998) 11(θ − θcr)
1.65

Hunziker and Jaeggi (2002) 5(θ − θcr)
1.5 0.05 was replaced by θcr

Cheng (2002) 13θ1.5exp(− θcr
θ1.5

) 0.05 was replaced by θcr

Camenen and Larson (2005) 12θ1.5exp(−4.5 θcr
θ )

Wong and Parker (2006) 4.93(θ − θcr)
1.6 0.047 was replaced by θcr

Wong and Parker (2006) 3.97(θ − θcr)
1.5 0.0495 was replaced by θcr

Suspended sediment entrainment formulas
Reference Near-bed reference concentration Cb

/ Entrainment Es

Comments

Einstein (1950) 1
23.2

Φb√
θ

a = 2 ∗ D

Engelund and Fredsoe (1976) 0.65

(1+λ−1)3
λ =

√
θ−θcr−(π

6
βp)

(0.027(R+1)θ)
, β = 1, a =

2 ∗ D

Smith and McLean (1977)
0.65∗γS0
1+γS0

S0 = θ−θcr
θcr

, γ = 0.0024 as

in de Leeuw et al. (2020) , a =
26.3(θ − θcr)D + ks

Itakura and Kishi (1980)σ 0.008( 0.14u∗Ω
wsθ − 1) Ω = θ

0.143 (2+
exp(−A2)∫∞

A
exp(−z2)dz

)−

1, A = 0.143
θ − 2, a = 0.05h

Celik and Rodi (1984)σ 1.13 Cm∫ 1

0.05

(
(
1−z/h
z/h

)( 0.05
1−0.05

)

)P
dz/h

Cm = 0.034(1 − ks
h

0.06
)

u2
∗u

gRhws
,

a = 0.05h

van Rijn (1984b) 0.015
DS1.5

0
aD0.3

∗
S0 = θ−θcr

θcr
, a = max(0.01h, ks)

Akiyama (1986)σ 3 ∗ 10−12Z10(1 − Zc
Z ) Z = u∗

ws
Re0.5p , Zc = 5, a = 0.05h

Garcia (1991) 1.3∗10−7Z5

1+ 1.3∗10−7
0.3

Z5
Z = u∗

ws
Re0.6p , a = 0.05h

McLean (1992)
0.065γS0
1+γS0

S0 = θ−θcr
θcr

, γ = 0.004, a =
0.68(τ/τcr)D

1+(0.0204(ln(100D))2+0.022 ln(100D)+0.0709)(τ/τcr)

Wright et al. (2004) 7.8∗10−7Z5

1+ 7.8∗10−7
0.3

Z5
Z = u∗

ws
Re0.6p , a = 0.05h

de Leeuw et al. (2020) 4.74 ∗ 10−4 u∗
ws

1.77Fr1.18 a = 0.1h

α Equation reported as in Carrillo et al. (2021)
ζ Equation reported as in de Leeuw et al. (2020)
ω Equation reported as in Kleinhans (2005)
ξ Equation reported as in Soulsby and Damgaard (2005)
σ Equation reported as in Garcia (1991)

–10–



manuscript submitted to JGR: Planets

Random lognormal sample

 a

10-5 10-4 10-3 10-2 10-1

Grain size [m]

0

1000

2000

3000

4000

5000
B

in
 C

ou
nt

Grain size class bins

 b

si
lt

co
ar

se
 s

ilt

fin
e 

sa
nd

sa
nd

co
ur

se
 s

an
d

fin
e 

gr
av

el

gr
av

el

 c
ou

rs
e 

gr
av

el

co
bl

e

bo
ul

de
r0  

5  

10 

15 

20 

25 

30 

W
ei

gh
t %

Cumulative distribution

 c

si
lt

co
ar

se
 s

ilt

fin
e 

sa
nd

sa
nd

co
ur

se
 s

an
d

fin
e 

gr
av

el

gr
av

el

 c
ou

rs
e 

gr
av

el

co
bl

e

bo
ul

de
r0

10

20

30

40

50

60

70

80

90

100

W
ei

gh
t %

Figure 2. Grain size mixture created from a lognormal grain size distribution (a), divided into

grain size classes (b), and visualised as a cumulative distribution (c).

β = 2.4612

(
ws

u∗

)0.547

(21)295

In addition to analysing transport relations using a single characteristic (or uni-296

form) particle size we also performed calculations explicitly considering the full grain-297

size distribution of the sediment bed (Fig. 2). The sediment composition is a lognormal298

distribution with the peak between the coarse sand and fine gravel class (Fig. 2b). The299

distribution includes sediment fractions from coarse silt to cobles (63 µm−20 cm). The300

D50 of the mixture was used to calculate one Nikuradse bed roughness value, ks, and301

one critical Shields number of the mixture, θcr,D50. Hiding and exposure effects of the302

mixture were considered by using a function from Parker et al. (1982), so that303

θcr,mix = θcr,D50

(
Di

D50

)−γ

(22)304

where gamma is 0.9 (Parker, 1990) and Di is the grain size of the sediment fraction of305

the mixture. A total sediment transport rate was calculated for every sediment class based306

on the grain size of that class, Di (replacing D with Di in equations 8, 10, 14 and 19).307

We multiplied this rate with the bed fraction of the total sediment composition of that308

class, fraci, (Fig. 2b). The summation of the transport rates of these classes provide the309

total sediment transport rate for the mixture. For the calculation of the transport rate310

of the sediment mixture we only used the equations of total transport previously men-311

tioned (Engelund & Hansen, 1967; de Leeuw et al., 2020).312

3 Results313

3.1 Effects of gravity on hydraulics314

In Figure 3 the effect of gravity is visualised for different calculated hydraulic pa-315

rameters and a range of input discharges. Figure 3 shows that gravity has clear effects316

on water depth, hydraulic radius, velocity, shear stress and shear velocity. For a given317

range of discharges, water depth is inversely correlated with gravity, leading to increased318

water depth and hydraulic radius on Mars as compared to Earth (Fig. 3a and b). In ad-319

–11–



manuscript submitted to JGR: Planets

Table 3. List of total load fluvial sediment transport formulas.

Total transport formulas
Reference Equations Comments

Engelund and Hansen (1967) qt =
Φt√

RgD3/2
implicit combination bed and
suspended load

Φt = 0.1
f θ2.5

After de Leeuw et al. (2020) qt = qb + qs explicit combination bed and
suspended load

Φb = 5.7(θ − θcr)
1.5 Fernandez Luque and van Beek

(1976)
Cb =

qb
hbub

ub = 0.6u, hb = 0.6

(
Fr
(

D
h

)2)0.3

qs =
∫ h

hb
Cb

(
h−z
z

hb
h−hb

)Pl ·
u∗
κ ln

(
z
z0

)
dz

Total transport formula for mixtures
Reference Total sediment transport qt Comments∑m

i=1
fraci ∗ qt(Di) i refers to the fractions and m is

the number of fractions

 M
ar

s

 E
ar

th

 a

2 4 6 8 10 12
0

5

10

15

W
at

er
 d

ep
th

 (
h)

 [m
]

 e

2 4 6 8 10 12

Gravity (g) [m/s2]

0

2

4

6

V
el

oc
ity

 (
u)

 [m
/s

]

 b

2 4 6 8 10 12
0

5

10

15

H
yd

ra
ul

ic
 r

ad
iu

s 
(R

w
) 

[m
]

 f

2 4 6 8 10 12

Gravity (g) [m/s2]

0

20

40

60

80

100

S
he

ar
 s

tr
es

s 
(

) 
[N

/m
2
]

 c

2 4 6 8 10 12
0

0.01

0.02

0.03

0.04

F
ric

tio
n 

fa
ct

or
 (

f)
 [-

]

 g

2 4 6 8 10 12

Gravity (g) [m/s2]

0

0.1

0.2

0.3

S
he

ar
 v

el
oc

ity
 (

u
*) 

[m
/s

]

subcritical 
supercritical  d

2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

F
ro

ud
e 

nu
m

be
r 

(F
r)

 [-
]

laminar 
tubulent 

 h

2 4 6 8 10 12

Gravity (g) [m/s2]

104

106

108

R
ey

no
ld

s 
nu

m
be

r 
(R

e)
 [-

]

500 5000 10000

Discharge [m3/s]

Figure 3. Hydraulic variables calculated using independent variables discharge, slope, and

width. (a) Water depth h [m], (b) hydraulic radius Rw [m], (c) friction factor f [−], (d) Froude

number Fr [−], (e) velocity u [m/s], (f) shear stress τ [N/m2], (g) shear velocity u∗ [m/s], and

(h) Reynolds number Re [−] as a function of gravity g [m/s2] for a range of discharges Q [m3/s].

dition, lower gravity reduces velocity, bed shear stress and shear velocity (Fig. 3e–g). The320

hydraulic parameters are increasingly sensitive to changes in gravity for decreasing grav-321

ities. Gravity has no effect on the Reynolds number (Fig. 3h), meaning that the tran-322

sition from laminar to turbulent flow is independent of gravity for a given discharge. The323

effect of gravity on the Froude number is existent, but negligible (Fig. 3d). All scenar-324

ios considered were subcritical and turbulent.325

The effects of gravity are different when water depth is used as independent vari-326

able (boundary condition) instead of discharge and are visualised in Figure 4. Since wa-327

ter depth is in this case not dependent on gravity and therefore constant, so is the hy-328

draulic radius (Fig. 4b). Velocity, shear stress, and shear velocity are still strongly af-329
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Figure 4. Hydraulic variables calculated using independent variables water depth, slope,

and width. (a) Water discharge Q [m3/s], (b) hydraulic radius Rw [m], (c) friction factor f [−],

(d) Froude number Fr [−], (e) velocity u [m/s], (f) shear stress τ [N/m2], (g) shear velocity

u∗ [m/s], and (h) Reynolds number Re [−] as a function of gravity g [m/s2] for a range of water

depths h [m].

fected by a change in gravity as is discharge in this case (Fig. 4a, e-g). However, the re-330

lation between gravity and shear stress is now linear (Fig. 4f) because there is no grav-331

ity component in the water depth, as compared to Figure 3f. The Reynolds number be-332

comes dependent on gravity and the Froude number is no longer dependent on gravity333

(Fig. 4d and h). The rest of the results presented are based on discharge as independent334

variable. The effect of gravity on sediment transport with water depth as an indepen-335

dent variable are shown in the Appendix Section A3.336

3.2 Effects of gravity on fluvial sediment transport337

The response of the hydraulic parameters to changes in gravity in turn affect the338

transport rate of the sediment. Figure 5 represents the response of settling velocity and339

sediment mobility to Mars and Earth gravity for a range of grain sizes under a fixed wa-340

ter discharge of 2000 m3/s. Despite the fact that lower gravity on Mars reduces shear341

stress and shear velocity (Figure 3; Equation 4), which would decrease fluvial sediment342

transport rates, the mobility of the sediment increases as a result of two additional mech-343

anisms: Firstly, settling velocity is lower under lower gravity (Fig. 5a; Equation 10), re-344

sulting in a lower shear rate for the transition to suspension (Fig. 5b; Equation 9), as345

noted by previous studies. The settling velocity is independent of the initial hydraulic346

conditions (i.e., water depth or discharge; Fig. A2a), and depends only on gravity, grain347

size and relative density. The reduced settling velocity, despite lower martian velocities,348

increases the transport distance of the grains, as expressed by the advection length (Fig. 5d;349

Equation 13). Secondly, martian gravity results in a higher Shields number and mov-350

ability number (Fig. 5b and c; Equation 8) similar to previous findings by Komar (1980),351

Burr et al. (2006) and Grotzinger et al. (2013), increasing the tendency of the sediment352

to be mobilised and suspended. This is indicated by the Shields number and Movabil-353

ity number surpassing the thresholds of motion and suspension at larger grain sizes (Fig. 5b354

and c). As a result, larger grains can be picked up and transported in suspension for mar-355

tian gravity.356
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Figure 5. Fluvial sediment transport parameters (a) settling velocity ws [m/s], (b) Shields

number θ [−], (c) movability number k [−], (d) advection length LA [m] as a function of grain

size D50 [m] for Mars (red) and Earth (blue) gravitational acceleration g [m/s2] and a given

discharge Q of 2000 m3/s, where(b and c) include the motion threshold (Zanke, 2003) and sus-

pension threshold (ws/u∗ = k = 1). Please note the logarithmic scale in all subplots.
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To better understand the effects of gravity on the different modes of transport, we357

show grain size dependent transport for various transport equations in Figure 6a and b,358

visualising the equations from Table. 2 using equation 14. Despite the order of magni-359

tude differences in predicted transport rates between different formulas, nearly all equa-360

tions agree on the relative effect of gravity. The influence of gravity on bed load trans-361

port is limited, except for the largest grains that on Earth lie below the threshold of mo-362

tion (Fig. 6a and c). This bed load transport rate difference is caused by the higher non-363

dimensional shear stress on Mars that results in picking up larger grains for the same364

discharge (Fig. 5b). Because we consider this a critical effect of gravity, formulas that365

do not include a critical threshold for mobility are not recommended. They are there-366

fore not included in Figure 6a and c (Einstein, 1942; Meyer-Peter & Müller, 1949; Bag-367

nold, 1966; K. C. Wilson, 1966). Furthermore, a few relations produced smaller bed load368

transport values towards smaller grain sizes while they should be more easily transported369

until reaching a maximum concentration. As this seemed undesirable for our purpose,370

these equations were excluded as well (Engelund & Fredsoe, 1976; van Rijn, 1984a).371

The influence of gravity on suspended transport is much stronger than for bed load372

transport (comparing Fig. 6b with a and d with c). Lower gravity results in more sus-373

pended sediment transport. This gravity difference for suspension translates to the to-374

tal transport per grain size (Fig. 6e). Because suspended sediment is more important375

for smaller grain sizes, absolute and relative (Fig. 6f), the effect of gravity is stronger for376

smaller grain sizes. Some suspended transport equations predicted higher suspended trans-377

port rates than the bed load transport rate for big grain sizes. They were therefore deemed378

unsuitable for the purpose of predicting martian transport and not included in Figure 6b379

and d (Itakura & Kishi, 1980; Celik & Rodi, 1984; Akiyama, 1986; Garcia, 1991; Wright380

et al., 2004).381

By taking the ratio of the total transport of Mars and Earth, the relative differ-382

ences in transport between Mars and Earth are highlighted for all grain sizes (Fig. 6g).383

When considering total transport with explicit inclusion of bed load and suspended trans-384

port (de Leeuw et al., 2020), the grain sizes at the bed load-suspension transition are af-385

fected strongest, leading to a peak of about 3 times higher transport rates for Mars (Fig. 6g).386

This is because for this grain size range, there is predominantly suspended transport on387

Mars, whereas bed load transport on Earth. Which sediment class is affected most de-388

pends on the flow conditions that define the bed-suspension load transition, which in our389

scenarios is medium sand. The fine sediments on the left side of the bed load-suspension390

transition peak are more effected by gravity than the coarse grain sizes on the right side391

of the peak. This is caused by the higher gravity effect on suspended sediment compared392

to gravity effect on bed load transport. Nonetheless this gravity effect reduces for silt393

and smaller grain sizes. This effect is very uncertain as transport equations are often not394

calibrated for cohesive sediment, i.e., mud (< 63µm) and is therefore not visualised. For395

the coarsest grains that are transported, there is a very large peak. This is because these396

largest grain sizes are only transported as bed load on Mars and not on Earth. No ra-397

tio could be determined for transport on Mars without transport on Earth. When these398

results are compared to the total transport relation that does not distinguish between399

bed load and suspended transport (Engelund & Hansen, 1967), it is clear that this ap-400

proach ignores the grain size dependent gravity effect. The relationship provides a trans-401

port rate for Mars that is 1.4 times higher than Earth, which is independent of grain size.402

3.3 Fluvial sediment transport for a given sediment mixture403

Instead of calculating fluvial sediment transport for a uniform, single grain size,404

the sediment transport rate can also be calculated for a sediment mixture, which is more405

realistic for natural rivers. For a lognormal sediment distribution (Fig. 2), the total sed-406

iment transport rate increases exponentially with decreasing gravity (Fig. 7a). This in-407

dicates that the total sediment transport rate for the mixture presented in Figure 2 is408
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Figure 6. Fluvial transport rates as a function of grain size. (a) Bed load transport rate

qb [m3/ms] by formulas indicated in Table 2, (b) suspended transport rate qs [m3/ms] by for-

mulas indicated in Table 2, (c) bed load transport ratio of Mars and Earth [−], (d) suspended

transport ratio of Mars and Earth [−], (e) total sediment transport rate qt [m3/ms] by total load

equations implicitly (Engelund & Hansen, 1967) and explicitly (de Leeuw et al., 2020) including

bed load and suspended transport, (f) percentage of suspended transport of the total sediment

transport [%], (g) total transport ratio of Mars and Earth [−], all for Mars (red) and Earth

(blue) gravity acceleration g [m/s2] and a given discharge Q of 2000 m3/s and channel geometry.
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Figure 7. Total fluvial transport rates for the lognormal grain size distribution from Fig. 2

using de Leeuw et al. (2020) and Engelund and Hansen (1967). Each grain size is summed up

relative to their fraction of the total load. (a) Total fluvial sediment transport rate qt [m3/ms]

for a range of gravity g [m/s2], (b) contribution of each sediment fraction to the total sediment

transport rate. Based on independent variables: Q = 2000m3/s, W = 200m and S = 0.001m/m.

higher on Mars than Earth. The contribution of different grain size classes to this to-409

tal value varies slightly between Earth and Mars for the method of de Leeuw et al. (2020):410

On Mars there is a relatively larger contribution of larger grains (Fig. 7b). The contri-411

bution of the grain size classes with the method of Engelund and Hansen (1967) is sim-412

ilar for Earth and Mars as the grain size dependent gravity effect is not included (Fig. 6g).413

Despite these differences, the total transport of the two methods is comparable in mag-414

nitude and shows a similar trend over gravity (Fig. 7a). This is expected as both meth-415

ods calibrated using the same data.416

Figure 7a also indicates the effect of gravity on Titan and Venus. These bodies also417

have the potential for fluvial transport by a Newtonian fluid. However, these values do418

not provide much information about the transport rates on Titan and Venus. This study419

only isolates the effect of gravity, but other differences like fluid and sediment density420

differences have been ignored. Especially for Titan, this effect is expected to be much421

larger than the gravity effect.422

4 Discussion423

4.1 Fluvial sediment transport rates on Mars424

Total fluvial sediment transport rates are higher on Mars than on Earth for the same425

idealised conditions, i.e., water discharge, sediment distribution and channel geometry.426

This is for two reasons: 1) The threshold for the initiation of motion is lower resulting427

from a higher Shields number for a given discharge. Consequently, bigger grains are trans-428

ported, and a smaller discharge is needed on Mars compared to Earth to move sediment429

and therefore increase transport, non-linearly, after initiation of motion. 2) Relatively430

more transport occurs in suspension as the larger Shields number shifts the transition431

zone for bed-suspended load transport towards bigger grain size classes. In addition, the432
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magnitude of suspended transport is higher under lower gravity, which further reduces433

the ratio between bed load and suspended transport. As a result, net transport rates are434

higher under lower gravity-conditions, such as on Mars.435

Without calculating sediment transport, Komar (1980) and Burr et al. (2006) al-436

ready showed that martian flows could have transported bigger grain sizes in different437

transport modes, which they relate to the differences in settling velocity and stream-flow438

velocity. Furthermore, Amy and Dorrell (2021) identified that suspended sediment flows439

have a slightly higher potential for transport on Mars, which agrees with our results. In440

addition, we quantify how the transport modes are affected under martian conditions441

by calculating bed load and suspended load transport rates separately and as a total rate442

for a range of grain sizes (Fig. 6). For total load, each grain size experiences larger net443

transport rates, but fine particles are disproportionally affected because they are more444

commonly transported as suspension. Consequently, sediment fractions experience grav-445

ity differently depending on their transport mode, with important implications for the446

distribution of grain sizes that are transported and available to deposit.447

In this study we isolate the effect of gravity on hydraulics and sediment transport.448

The model computes capacity-driven transport assuming unlimited sediment availabil-449

ity. However, a freely erodible sediment bed was not only unlikely on Mars due to pos-450

sible permafrost, but also due to geological constraints like bed armouring (Ferdowsi et451

al., 2017), cohesive sediment (Braat et al., 2017; van Ledden et al., 2004; Peakall et al.,452

2007; Edmonds & Slingerland, 2010) and lithological variation (Lamb et al., 2015). Mars453

used to be more accommodating for fluid water in the Noachian and Early Hesperian,454

but most likely it has always been cold (Fairén, 2010; Wordsworth, 2016). Ice and per-455

mafrost reduce the mobility of channels and enhance overbank deposition (Piliouras et456

al., 2021), further enhancing relative suspended transport and its effects on morphology.457

In addition, supply-limited wash load (Khullar, 2007) was likely more significant on Mars458

than on Earth (Burr et al., 2006; Komar, 1980), though impossible to calculate. Due to459

the lower suspension threshold and settling velocities (Fig. 5a), a larger portion of the460

sediments could contribute to the wash load instead of suspended load. Reduced floc-461

culation by lack of organics could have further enhanced this effect (Lee et al., 2017).462

However, since wash load is not limited by flow, but by supply, a long-term contribution463

to the sediment load is unlikely.464

4.2 Implications for geomorphology and stratigraphy465

Because gravity affects fine and coarse sediment fractions differently, we expect dif-466

ferences in morphology and stratigraphy due to varying ratios of sediment fractions and467

disparities in sediment sorting. Lower gravity reduces settling velocities and increases468

advection lengths on Mars (Fig. 5), which alters sediment sorting in a standing body of469

water and longitudinal sorting in decelerating currents (Ferguson & Church, 2004). As470

a result, we expect coarser bed material on Mars for the same hydraulic and sediment471

conditions.472

The change in ratio between bed load and suspended transport has implications473

for a range of geomorphological features across scales. Bed load transport affects in-channel474

morphological development through deposition and erosion, influencing dynamics, height,475

and the formations and growth of bed forms, point bars and in-channel bars. This ‘channel-476

building’ fraction can therefore affect the channel pattern and lateral migration rates.477

On the other hand, the suspended fraction determines the interaction between the chan-478

nel and the floodplain. During high flows, sediments are distributed onto the floodplain,479

influencing floodplain elevation, levee formation, crevasse splays and cut-off infilling. Pre-480

vious studies on Earth suggested that sand-bed rivers with high suspended loads (like481

on Mars) promote vertical bar accretion and subsequent conversion to floodplain (Nicholas,482

2013). This, in turn, drives the formation of narrower, sinuous channels and reduces chan-483
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nel branching (Nicholas, 2013). As a result of the absolute and relative increase in sus-484

pended sediment on Mars, there is an expected higher likelihood of overbank deposit for-485

mation during channel flooding with faster and more prominent levee formation. How-486

ever, it would be difficult to find evidence for this on Mars in the present day due to pref-487

erential erosion of the fine overbank deposits (Hayden et al., 2019).488

Another consequence of higher suspension rates is an increased chance of hyper-489

concentrated flows (Burr et al., 2006; Komar, 1980), especially if fine sediment was abun-490

dantly present. Flows on Mars likely carried more sediment and were therefore possi-491

bly more erosive (also suggested by Bagnold (1962)). When entering a standing water492

body, these flows can create stratification or density-driven flows due to density differ-493

ences, resulting in a higher likelihood of turbidity currents and deposits on Mars. In ad-494

dition, we expect that larger suspended sediment fractions in deltas lead to deeper chan-495

nels, less reworking, and a rugose delta brink contour, both with and without cohesiv-496

ity (van der Vegt et al., 2016). Furthermore, we expect lower depositional slopes, due497

to the settling of particles over a longer distance (longer advection length due to reduced498

settling velocities) transporting more sediment to the delta front and the prodelta (van499

der Vegt et al., 2016). This may impact the slopes of delta foresets in stratigraphy, which500

is important for missions aiming to take sediment samples in the search for biosignatures501

(Vago et al., 2017). In contrast, (Konsoer et al., 2018) state that suspended dominated502

flows on Mars require steeper slopes to produce the same bed shear stress and move sed-503

iment, all other things being equal. This is true for martian turbidity currents and shear504

stresses, however, the grains also weigh less which results in enhanced sediment trans-505

port in alluvial channels and reduced settling over larger distances, causing lower depo-506

sitional slopes.507

Lastly, the largest effect of gravity on geomorphology is caused by the higher to-508

tal transport rate on Mars, which suggest that depositional landforms developed faster509

than their counterparts on Earth for the same discharge. As the fluvial sediment trans-510

port rate could be several times greater (e.g. 3 times higher for medium sand; Fig. 5; or511

50% higher based on the chosen mixture; Fig. 6), fluvial alluvial landforms visible on Mars512

would have required a shorter period of fluvial activity to form compared to Earth. In513

other words, over the same time period, the same discharge would develop a much larger514

landform on Mars. Yet, the temporal variability of fluvial sediment transport is large.515

It has been argued that the intermittency factor, defined as the fraction of total time in516

which bankfull flow would accomplish the same amount of sediment transport as the real517

hydrograph, is much smaller on Mars (Hayden et al., 2019). This could result in longer518

fluvial activity for landforms on Mars despite transport being more efficient.519

4.3 Best practice for planetary fluvial sediment transport calculations520

Our model can be used to estimate past fluvial sediment transport for typical mar-521

tian channels, when channel geometry, grain size and one hydraulic parameter are avail-522

able. In theory, the geometry of the channel can be obtained from stratigraphy or chan-523

nel remnants at the surface. However, obtaining accurate channel geometry is challeng-524

ing due to alterations over time and limited detailed elevation data. In this study, dis-525

charge is used as the hydraulic parameter, although water depth (see Appendix), which526

can be estimated from features like river terraces, may be more feasible. Given the high527

uncertainty in these parameters, it is recommended to utilize upper and lower estimates528

and run multiple model scenarios to obtain a range of martian sediment transport.529

Fluvial sediment transport equations are semi-empirical equations that are fitted530

to physical experiments or field data obtained on Earth. As the equations are physics-531

based, we assume the relations between gravity and sediment transport is the same on532

Earth and Mars, despite that the empirical part of equations might not capture martian533

conditions accurately. However, it is practically impossible to conduct physical exper-534
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iments under reduced gravity conditions for long enough time periods to represent re-535

alistic sediment transport rates. For example, drop tower experiments take about 5 sec-536

onds each and parabolic flights 30 seconds. In addition, more physical reliable models537

using the discrete element method (DEM) using computational fluid mechanics (CDF)538

(e.g., Schmeeckle, 2014), in which the movement of individual grains are modelled, are539

extremely computationally expensive. Consequently, analytical, and numerical models540

can help to evaluate existing transport laws and provide estimates of transport rates on541

other planets. Although there is a risk that gravity might be hidden in some of the co-542

efficients, past experiments testing different sediment densities in combination with non-543

dimensional analysis have helped addressing potential biases (Kleinhans, 2005).544

We recommend using a total load equation that explicitly defines a relation for bed545

load and suspended load transport. By using a simplified total load equation that does546

not distinguish between transport modes, important effects of gravity on sediment trans-547

port are overlooked. Considering all formulas discussed, though more options are avail-548

able, we recommend the method of de Leeuw et al. (2020) using bedload-layer equations549

as this approach is the most recent study to the authors knowledge that explicitly com-550

bines bed load and suspended transport. The approach is valid for a broad range of grain551

sizes and is well calibrated and validated. We want to emphasize that this is our recom-552

mendation for Mars. Most formulas are designed with a specific purpose in mind for Earth553

(e.g., gravel bed rivers) and could therefore be a better choice for a specific location on554

Earth. Figure 6a and b could contribute to modellers picking the most suitable equa-555

tion for their own research.556

The equation of Engelund and Hansen (1967) is a popular equation in terrestrial557

fluvial geomorphology because it is simple and predicts the correct order of magnitude558

of sediment transport. It is a popular equation in 2D horizontal models because it cre-559

ates realistic channel patterns (Baar et al., 2019). However, since our results have shown560

that gravity acts differently on suspended sediment compared to bed load transport, to-561

tal load equations that are calibrated for Earth and do not separate these modes of trans-562

port should be avoided in case of Mars. Figure 6e and g include the total load equation563

from Engelund and Hansen (1967), with which all grain sizes are affected uniformly by564

gravity (Fig. 6g). This leads to a different sediment distribution being transported (Fig. 7b),565

despite that the total transport rate seems similar to the method explicitly combining566

bed and suspended load (Fig. 7a). First, Engelund and Hansen (1967) do not account567

for a strong increase in transport for the grains sizes that pass the threshold from bed568

load to suspended load for lower gravity. Second, the suspended load should increase rel-569

atively to the bed load transport in total and for all grain sizes for lower gravity. Third,570

the equation of Engelund and Hansen (1967) does not account for a critical shear stress,571

a non-negligible factor.572

Finally, we stress to clearly describe your independent variables, i.e., input condi-573

tions. As shown in Figure 8a–b and the Appendix, a water level boundary can lead to574

completely different conclusions on the fluvial sediment transport comparison between575

Earth and Mars compared to results with a discharge boundary. Aside from discharge576

and water level, one could also input velocity or bed shear stress as their independent577

variable (Fig. 8). Though it is shown here that transport on Mars is higher for equal dis-578

charge, velocity, and shear stress, but not water depth (Fig. 8), different input conditions579

can lead to different conclusions. Especially the grain size mixture can alter the trends,580

as different grain sizes experience a different effect of gravity (Figure 6g). The choice of581

input conditions will depend on the data availability and the research question.582

4.4 Application to other planets and moons583

The focus of this research has been on defining differences in fluvial sediment trans-584

port between Earth and Mars. However, these results can also be valuable to calculate585
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Figure 8. Total fluvial transport rates for different independent variables (i.e., boundary

conditions, i.e., input conditions) related to flow. Total sediment transport rate qt [m3/ms] for a

range of (a) discharges Q [m3/s] (original settings), (b) flow depths h [m] (Appendix), (c) veloci-

ties u [m/s], (d) shear stresses τ [m2/s]. All transport rates are based on Einstein (1950) and the

sediment mixture (Fig. 2).
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sediment transport on other planetary bodies or moons with significant Newtonian sur-586

face liquid (Fig. 7a). Titan is an obvious target, as Titan has a hydrocarbon cycle in which587

liquid methane and ethane flow like a liquid at the surface. Images from the imaging Sub-588

system (ISS) (Porco et al., 2004) and Visual and Infrared Mapping Spectrometer (VIMS)589

(Brown et al., 2004) aboard the Cassini-Huygens mission have shown erosional and de-590

positional landforms (Nixon et al., 2018) including alluvial fans (Birch et al., 2016), ac-591

tive river deltas (Wall et al., 2010), and river valleys (e.g., Burr et al., 2013). The grav-592

ity effect for Titan can be obtained from this study (Fig. 3 and 7a), however, there is593

also a significant effect of sediment and fluid density that adds to transport differences594

that are not considered here. Previous authors (Witek & Czechowski, 2015; Burr et al.,595

2006) already showed that transport, and especially suspended transport, in rivers on596

Titan is more effective than in terrestrial rivers for the same discharge, similar to results597

we observed for Mars. Potential future work is to analyse combined density and grav-598

ity effects on fluvial sediment transport with our parameterised model with the aim to599

interpret data from Titan.600

Channels have also been identified on Venus that could be attributed to ancient601

fluvial activity (Khawja et al., 2020). Nonetheless, it is still highly uncertain if the cli-602

mate on early Venus was similar enough to Earth to allow liquid water at the surface.603

Resolution of surface features at decametre scales on Venus shall be enabled by VenSAR604

(a phased array synthetic aperture radar) (Ghail et al., 2018) aboard ESA’s EnVision605

mission, currently scheduled for launch in 2031. EnVision, and future missions observ-606

ing the Venusian surface will provide data to which the approach of this paper could be607

applied. Our model could be used to investigate channel dimensions and sediment trans-608

port rates on Venus when more data is available, to estimate if the channels were formed609

by a Newtonian fluid (possibly water) or not (likely lava). If the fluid shaping the chan-610

nels was water, hydraulic and sediment transport processes would be remarkably sim-611

ilar to Earth, because the difference in gravity between Earth and Venus is relatively small612

(Fig. 7a).613

5 Conclusion614

This study aimed to isolate and clarify the effect of gravity on fluvial sediment trans-615

port in an open, single-thread, alluvial channel for transport capacity limited, unidirec-616

tional, steady uniform flow. By using an analytical model, we compared a scenario with617

fixed channel geometry and discharge for Earth and Mars gravity to: 1) test the response618

of hydraulic and associated sediment transport parameters; 2) estimate total sediment619

transport for a range of sediment grain sizes and a mixed sediment distribution; 3) com-620

pile, compare, and test the suitability of a range of sediment transport equations for ap-621

plication on Mars. We conclude that, because of the smaller force pulling the water downs-622

lope on Mars, the velocity and bed stresses are lower and water depth is higher for the623

same discharge. Despite this effect on the hydraulics, the mobility of the sediment is higher624

on Mars because particle weight is reduced due to lower gravity. The results showed that625

bigger grains can be entrained and suspended. Furthermore, the suspended transport626

rate is higher for lower gravity, while the bed load transport is less effected. Therefore,627

the total sediment transport rate is higher for the same discharge on Mars and the rel-628

ative contribution of suspended sediment is higher. Because the effect of gravity is dif-629

ferent for bed load and suspended load, the effect of gravity varies with grain size and630

is expected to impact morphology and stratigraphy. Likely effects are increased overbank631

sedimentation processed and reduced in-channel processes. Lastly, we advise to avoid632

using total load formulas for Mars, because they ignore that the effect of gravity varies633

with transport mode. Our results stress the significance of gravity on hydraulic and sed-634

imentary processes and provide new insights into Earth-derived fluvial sediment trans-635

port formulas for estimating transport rates and morphological change on Mars and other636

planets and moons.637
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Appendix A638

A1 Thresholds for the initiation of motion639

In this study we considered 18 equations for the initiation of motion of 16 publi-640

cations (Table A1). In Figure A1 we plotted the traditional equations of Brownlie (1981)641

and Soulsby (1997) and added less common equations of Mantz (1977) as described in642

Komar and Clemens (1986) and Paphitis (2001) and their own equations. From Paphitis643

(2001) we plotted two different equations and from Komar and Clemens (1986) we used644

their more generalised form of Collins and Rigler (1982). Because this equation was most645

reliable, we did not use any of the other equations mentioned in Komar and Clemens (1986)646

or Collins and Rigler (1982). The Soulsby (1997) equation is sometimes also cited as Soulsby647

and Whitehouse (1997) and is for example used in Kleinhans et al. (2017) and Lapôtre648

and Ielpi (2020). Additionally, we plotted more modern equations of the initiation of mo-649

tion from Zanke (2003), Cao et al. (2006), van Rijn (2007) and Simões (2014).650

In addition to the equation in the plot we also considered the Zanke (2003) fit from651

Kleinhans (2005) but was discarded because of the limited grain size range compared to652

the original Zanke (2003). We discovered that citation of Brownlie (1981) in Miedema653

(2010) and Righetti and Lucarelli (2007) seemed incorrectly cited. The equation differed654

from the original and the dimensional critical shear stress seemed to increase incorrectly655

for smaller grain sizes. A similar trend was observed with the equation from Beheshti656

and Ataie-Ashtiani (2008) and was therefore discarded.657

After these considerations, the remaining 10 equations were all very similar (Fig. A1).658

The largest differences occur in the cohesive regime. One equation deviates significantly659

from the other equations, which is the equation from Simões (2014). In the main part660

of the paper, we used Zanke (2003) (visible in green), because this equation is most physics-661

based, while many other equations are empirical fits to flume data, which could contain662

hidden gravity components in the coefficients. In addition, this equation has the advan-663

tage that it is valid for all grain sizes, while the empirical fits are only valid for a spe-664

cific grain size range.665

The following equations are used to calculate the initiation of motion by Zanke (2003).666

θcr =
(1− n) · tan(ϕ/1.5) ·K(

1 + 1.8 · u′
rms,b

ub

)2
·
(
1 + 0.4

(
1.8 · u′

rms,b

u∗

)2
· tan(ϕ/1.5) ·K

) (A1)667

where ϕ is the angle of repose, n the porosity fraction, K is a parameter for the cohe-668

sive effect, ub is the time-averaged flow velocity acting on the grain, u∗ is the shear ve-669

locity and u′
rms,b is the standard deviation of the velocity fluctuation.670

K = 1 +
3e− 8

(ρs − ρ) ∗D2
(A2)671

u′
rms,b

u∗
= 0.31R∗

e · e−0.1R∗
e + 1.8e−0.88D

h · (1− e−0.1R∗
e ) (A3)672

u′
rms,b

ub
=

u′
rms,b/u∗

ub/u∗
(A4)673

ub

u∗
= 0.8 + 0.9

uy

u∗
(A5)674
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Figure A1. Mobility and suspension thresholds for (a) Shields number, i.e. nondimensional

shear stress θ [−], (b) bed shear stress τ [N/m2], (c) shear velocity u∗ [m/s] and (d) movability

number k [−] as a function of grain size for a given discharge Q [m3/s] and two gravities g of 3.7

and 9.8 m/s2.

uy

u∗
=

(
1− Pt

R∗2
e

+
Pt

(2.5ln(1) +B)2

)−0.5

; (A6)675

B = (1− Pt) · (2.5 ln(R∗
e + 5.25) + 8.5Pt (A7)676

Pt = 1− e−0.08R∗
e (A8)677

R∗
e =

Du∗

ν
(A9)678

A2 Selection of bed load and entrainment relations679

Considering all cited bed load transport relations (Table 2), we recommend using680

a bed load equation that includes a critical value for mobility. Some equations are more681
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Table A1. Curves for the initiation of motion

Critical Shields curves

Mantz (1977) as in Komar
and Clemens (1986) and
Paphitis (2001)

θcr = 0.1Re−0.3
∗ Fig. A1

Brownlie (1981) θcr = 0.22Re−0.6
p + 0.06 ∗ 10−7.7Re−0.6

p Fig. A1
Brownlie (1981) as in
Miedema (2010) and Righetti
and Lucarelli (2007)

θcr = 0.22Re−0.9
p + 0.06exp(−17.77 ∗Re−0.9

p ) discarded

Soulsby (1997) / Soulsby and
Whitehouse (1997)

θcr = 0.3
1+1.2D∗

+ 0.055(1− exp(−0.02D∗)) Fig. A1

Soulsby (1997) / Soulsby
and Whitehouse (1997) as in
Kleinhans et al. (2017)

θcr = 0.5( 0.3
1+1.2D∗

+0.055(1− exp(−0.02D∗))) discarded

Paphitis (2001) θcr = 0.188
1+Re∗

+ 0.0475(1 − 0.699exp(−0.015 ∗
Re∗))

Fig. A1

Paphitis (2001) θcr = 0.273
1+1.2D∗

+ 0.046(1 − 0.576exp(−0.02 ∗
D∗))

Fig. A1

Zanke (2003) θcr = (1−n)·tan(ϕ/1.5)·K(
1+1.8·

u′
rms,b
ub

)2

·

(
1+0.4

(
1.8·

u′
rms,b
u∗

)2

·tan(ϕ/1.5)·K

)Main
paper;
Fig. A1

Zanke (2003) fit from
Kleinhans (2005)

θcr = 0.145Re−0.33
p + 0.045 ∗ 10−1100Re−1.5

p discarded

Cao et al. (2006) Rep < 6.61 ⇒ θcr = 0.1414Re−0.2306
p

6.61 ≤ Rep ≤ 282.84 ⇒
θcr = (1 + (0.0223Rep)

2.8358)
0.3542

3.0946Rep0.6769

Rep > 282.84 ⇒ θcr = 0.045

Fig. A1

van Rijn (2007) D∗ < 4 ⇒ θcr = 0.115D−0.5
∗

4 ≤ D∗ < 10 ⇒ θcr = 0.14D−0.64
∗

Fig. A1

Critical movability curves

Komar and Clemens (1986) kcr = 1.8Re−1.3
∗ discarded

Komar and Clemens (1986) kcr = 1.14Re−1.37
∗ discarded

Komar and Clemens (1986) kcr = 5.54Re−1.09
p discarded

Beheshti and Ataie-Ashtiani
(2008)

0.4 < D∗ ≤ 10 ⇒ kcr = 9.6674D−1.57
∗

10 < D∗ < 500 ⇒ kcr = 0.4738D−0.226
∗

discarded

Simões (2014) kcr = 0.215 + 6.79
D1.7

∗
− (0.075exp(−2.62 ∗

10−3D∗))

Fig. A1

Critical shear stress curves

Collins and Rigler (1982) τcr = 1.24w0.33
s discarded

Critical shear velocity curves

Komar and Clemens (1986)
after Collins and Rigler
(1982)

u∗,cr = 0.482(Rgν)0.282w0.154
s Fig. A1
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useful than others as many formulas are developed with a single purpose in mind, for682

example just for coarse-grained rivers. Also, very few studies investigated combined bed683

load and suspended load transport (e.g., Einstein, 1950; Engelund & Fredsoe, 1976; van684

Rijn, 1984a, 1984b; de Leeuw et al., 2020). Because the thresholds for motion and sus-685

pension differ on Mars, we prefer equations that contain a critical value for mobility (Meyer-686

Peter & Müller, 1948; Einstein, 1950; Ashida & Michiue, 1972; Fernandez Luque & van687

Beek, 1976; Engelund & Fredsoe, 1976; Parker, 1979; Smart, 1984; van Rijn, 1984a; Nielsen,688

1992; Ribberink, 1998; Hunziker & Jaeggi, 2002; Cheng, 2002; Camenen & Larson, 2005;689

Wong & Parker, 2006). Equations that are therefore not recommended for Mars are Einstein690

(1942), Meyer-Peter and Müller (1949), Bagnold (1966) and K. C. Wilson (1966) and691

not plotted in Figure 6a and c. It should be noted that while Camenen and Larson (2005)692

and Cheng (2002) use a critical value, these equations do not cut off the transport at large693

grain sizes but use an exponential reduction in transport related to the critical Shield’s694

curve. Meyer-Peter and Müller (1949) does not use a realistic critical Shields value but695

does have a cut off. A few equations unexpectedly decrease in bed load transport for smaller696

grain sizes (Einstein, 1942; Engelund & Fredsoe, 1976; van Rijn, 1984a). This is slightly697

counter intuitive and are therefore also not included in Figure 6a and c. A few equations698

deviate from the majority without specific reason (van Rijn, 1984a; Smart, 1984), it is699

unclear how dependable these equations are. Many of the bed load equations are con-700

sistent, predictable, and therefore reliable results are mostly of the form A(θ − θcr)
B ,701

many modelled after Meyer-Peter and Müller (1948).702

Suspended sediment entrainment relations show more variation than bed load equa-703

tions. The formula from Itakura and Kishi (1980) is not valid for all grain sizes and is704

therefore not useful for our purpose. In addition, the formulas from Celik and Rodi (1984),705

Akiyama (1986), Garcia (1991) and Wright et al. (2004) show transport rates that are706

too high for large grain sizes, because the values are higher than all bed load transport707

formulas and pass the no motion threshold. These equations are also deemed unsuitable708

for this purpose and therefore not visualised (Fig. 6b and d).709

A3 Fluvial sediment transport for a given water depth710

In contrast to the results discussed in the main body of the paper, the following711

fluvial sediment transport results are based on a given water depth rather than a given712

water discharge. Meaning that the water depth between the Earth and Mars scenario713

is the same and no longer gravity dependent. We have already seen from Figure 4 that714

therefore the hydraulic radius and the Froude number are not gravity dependent. In ad-715

dition, the relation between shear stress and gravity is in this case a simple linear rela-716

tion. Consequently, the sediment transport parameters and rate differ as well. The non-717

dimensional shear stress is no longer depended on gravity, meaning that for the same wa-718

ter depth, Mars and Earth can transport the same grain sizes (Fig. A2b and c). For the719

suspension threshold there is a difference, but it is very minor. The movability number720

and the advection length only show higher numbers for Mars for smaller grain sizes. The721

effect of gravity on movability and advection length does not exist for coarse grains for722

a given water depth. Again, this stresses that grain sizes are affected differently by grav-723

ity.724

For a given water depth there is more bed load transport on Earth compared to725

Mars (Fig. A3a). The effect of gravity on suspended load is more complicated (Fig. A3b).726

The suspended sediment entrainment equations do not all show the same relation. A gen-727

eral trend can be extracted. For median grain sizes (sands), the suspended transport on728

Mars is a bit higher, while for fine grain sizes (clay/silt), most equations predict that trans-729

port on Earth is slightly higher or equal. The effect on the coarse grain sizes (gravel/cobbles/boulders)730

is less important because those are dominated by bed load transport. In total will still731

see that more sediment is transported in suspension on Mars for a given water depth (Fig. A3d),732

similar as for a given discharge (Fig. 6d). This mostly impacts the grain sizes at the bed-733
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Figure A2. Fluvial sediment transport parameters (a) settling velocity ws [m/s], (b) Shields
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suspended load boundary. However, looking at the Mars/Earth total transport ratio, it734

is clear that in general (fine and coarse grains) the transport on Mars is lower for a giver735

water depth (Fig. A3e). Nonetheless, the sands are still transported more efficiently on736

Mars. The net effect on transport will therefore depend on the sediment composition of737

the bed.738
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