
1.  Introduction
Similar to Earth, surface dynamics have shaped the landscape of Mars. Since the first Viking images in 1976, 
many landforms at the surface of Mars have been identified that indicate ancient fluvial activity (Carr, 2012), such 
as depositional river channels (Figures 1a–1c; e.g., Dickson et al., 2021), deltas (Figures 1c–1g; e.g., De Toffoli 
et al., 2021; Di Achille & Hynek, 2010; DiBiase et al., 2013; Hauber et al., 2013; Malin & Edgett, 2003; S. A. 
Wilson et al., 2021), alluvial fans (Figure 1h; e.g., Kraal et al., 2008; Moore & Howard, 2005; S. A. Wilson 
et al., 2021), valleys and valley networks (Figure 1i; e.g., Bahia et al., 2022; Hynek & Phillips, 2003; Hynek 
et al., 2010), open (or chain) crater lakes (Figure 1j; e.g; Cabrol & Grin, 1999, 2001, 2003; Fassett & Head, 2008) 
and outflow channels (Figures 1k and 1l; e.g., Baker & Milton, 1974; Harrison & Grimm, 2008; Sharp, 1973). 
Further evidence comes from the Curiosity, Opportunity and Perseverance rovers. For example, by studying 
sedimentary strata in outcrops the Perseverance rover found evidence that the fan in Jezero crater could be of 
deltaic origin (Mangold et al., 2021) and Curiosity found evidence for an ancient lake in Gale crater (Grotzinger 
et al., 2015). These landforms formed as a result of entrainment, transport and deposition of sediments by a fluid, 
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most likely liquid water (Ehlmann et al., 2011; Murchie et al., 2009). Thus, fluvial landforms and deposits poten-
tially record habitable environments.

A key method to invert flow rates and timescales of these ancient rivers on Mars comes from sediment transport 
theory (Grotzinger et al., 2013; Hayden et al., 2019; Kleinhans, 2005; Komar, 1979). Sediment transport rates 
of ancient systems on Mars, however, are difficult to estimate since transport rates (the volume or mass of sedi-
ment moved over time through a river cross section) depend on grain size, transport mode, hydraulic conditions 
and gravity. Because the ancient fluvial systems on Mars are no longer active (e.g., Carr, 2012), all parameters 
to calculate sediment transport need to be estimated from deposits or landform morphology, similar to ancient 
inactive channels on Earth (Larsen & Lamb, 2016). This is not straight forward, as alteration has likely occurred 

Figure 1.  Examples of fluvial landforms on Mars. Inverted meandering depositional channel at (a and 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).
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by erosion, weathering and aeolian filling (Golombek et al., 2014). Mars provides extra challenges as these condi-
tions must be determined from orbit or by rovers, therefore data type and availability are more limited resulting 
in fewer available methodologies for paleo-environmental reconstruction. Nonetheless, if input parameters can 
be determined, we can systematically investigate sediment transport by applying physical and empirical transport 
equations derived for Earth under martian conditions.

Fluvial sediment transport on Earth has been studied since the early 20th century and is typically divided 
into three modes (Einstein et al., 1940): Bed load, suspended load, and wash load. Bed load is the portion 
of the grains that is transported close to the bed by rolling, sliding and saltation. Smaller grains have trans-
port trajectories influenced by turbulence and can be transported higher in the water column as suspended 
sediment. Wash load are the smallest grain sizes that are sufficiently fine that they are transported uniformly 
through the water column as a result of extremely low settling velocities. These transport modes are expected 
to occur on Mars, but with possible differences due to differences in gravitational acceleration (Burr 
et al., 2006; Komar, 1980), fluid density and viscosity (e.g., for the case of brines Lamb et al., 2012), and 
sediment densities (The surface of Mars is predominantly basaltic which has a higher density than quartz- 
and feldspar-dominated rocks that dominate Earth; e.g., Christensen et  al.,  2000). As sediment transport 
depends on gravitational acceleration, applying semi-empirical theory to Mars requires special consideration 
(Grotzinger et al., 2013; Komar, 1979). Gravity affects the sediment transport rate because it affects river 
hydraulics, which drives sediment transport, as well as sediment properties directly such as particle weight. 
For instance, on the one hand, the shear stress acting on the riverbed induces movement, and for a given river 
water depth and channel-bed slope, lower gravity should produce a lower bed shear stress. On the other hand, 
reduced weight of the sediment can counteract this trend, leading to reduced settling velocities and higher 
mobility.

Previous work has mostly focussed on the boundaries between transport modes: the initiation of sedi-
ment motion and the onset of significant suspension (Amy & Dorrell, 2021; Burr et al., 2006; Grotzinger 
et al., 2013; Komar, 1980). They found that bigger grains are more easily entrained on Mars compared to 
Earth (Grotzinger et  al.,  2013; Komar,  1980), that fluvial suspended sediment transport is more efficient 
on Mars (Amy & Dorrell,  2021) and that hyper-concentrated flows might be common (Burr et  al.,  2006; 
Komar, 1980). However, there has yet to be a systematic study on the effect of gravity on sediment transport 
rates within each transport mode. Transport rate equations are needed to estimate landform formation times-
cales (Hayden et al., 2021; Kleinhans et al., 2010; Komar, 1979; Salese et al., 2020), understand downstream 
sorting trends, and predict morphodynamic evolution of the martian surface. For Earth, several semi-empirical 
fluvial sediment transport relations (based on laboratory experiments or field data) have been developed to 
predict transport rates, depending on the near-bed sediment concentrations, shear stress induced by the flow 
and the sediment properties. Some of them have different functional forms and some have different depend-
encies on gravity (e.g., de Leeuw et  al.,  2020). In this study, we analyzed 20 different bed load transport 
equations, 11 suspended sediment entrainment equations, and two total load relations to better understand 
the effect of gravity on sediment transport rates between Earth and Mars. In particular we aim to: (a) test the 
response of hydraulic and associated sediment transport parameters for a range of values for gravitational 
acceleration; (b) estimate bed, suspended and total load sediment transport for a range of sediment grain sizes 
and a mixed grain size distribution; (c) compare the suitability of sediment transport relations for application 
to Mars.

2.  Methods
In this section we first discuss our choice of model input parameters (Section 2.1). Second, we use those input 
parameters to calculate the hydraulics, using Equations 1–7 (Section 2.2). Third, we use the hydraulic parameters 
to calculate several parameters related to sediment mobility using Equations 8–13 (Section 2.3). Using hydraulics 
and mobility parameters sediment transport is calculated. We show 30 transport relations in Table 2 that we use 
to evaluate bed load and suspended transport (Section 2.4). Total load is calculated in two different ways. First, 
an empirical total load equation that implicitly combines bed and suspended load is used. Second, we explicitly 
combined a bed load and suspended sediment entrainment relations to calculate the total load (Section  2.5). 
Lastly, we investigate the total transport rate of a sediment mixture (Section 2.5).
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2.1.  Model Input

We isolate the effects of gravity on fluvial sediment transport relations using analytical theory and a code in 
MATLAB R2022b. We assume an alluvial, single-thread, open channel with a fixed channel width and slope 
(Table 1). Although case studies could be done from orbital or rover data, we chose an idealized scenario so 
that the effect of gravity between Earth and Mars could be isolated with the exact same boundary conditions 
for fair comparison. In addition, we choose an arbitrary temperature to calculate viscosity and water density 
(Table 1). To calculate water flow, one more boundary condition is required. The most obvious parameter 
would either be water discharge or water depth. Keeping one or the other equal between model scenarios 
will lead to different outcomes. Though both were investigated in terms of hydraulics, we use discharge as a 
boundary condition (i.e., independent variable) to calculate sediment transport and the results for a water level 
boundary on transport are shown in Appendix A. For gravity, we use a value of 3.7 m/s 2 for Mars and 9.8 m/s 2 
for Earth.

For sediment boundary conditions we use a sediment density of 2,900 kg/m 3, which is in the density range of 
basalt (as in Burr et al., 2006; Amy & Dorrell, 2021). This igneous rock type is more common on Mars than on 
the continental areas on Earth, for which quartz 2,650 kg/m 3 is more typical. The grain size range used varies 
from silt to large boulders. All input and boundary conditions that were used fall in a realistic range of conditions 
for Earth and Mars.

2.2.  Hydraulic Calculations

For an assumed discharge, Q, in m 3/s and channel width, W, in m we use mass balance to calculate water depth, 
h, in m assuming incompressible flow:

ℎ = �
Wu� (1)

where u is the cross-sectionally and depth-averaged flow velocity in m/s. To find u we use the Darcy-Weisbach 
equation, which is a hydraulic resistance equation given by

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 1,000 kg/m 3

  Temperature T 4 °C

  Gravity acceleration g 3.7, 9.8 m/s 2 Figures 3 and 4 use a range: 1–12

  Discharge Q 2,000 m 3/s Figures 3 and 7a use a range: 250–15,000, 
Q is calculated in Figure 4

  Water depth h Calculated m Figures 4 and 8b use a range: 0.5–15

  Velocity u Calculated m/s Figure 8c uses a range: 0.5–6.5

  Shear stress τ Calculated m 2/s Figure 8d uses a range: 1–100

Boundary conditions sediment

  Sediment density ρs 2,900 kg/m 3

  Median grain size D50 63 × 10 − 6 –1 × 10 0 m

  Angle of repose ϕ 30 °

Calculated parameters

  Relative density R 1.9 −

  Kinematic viscosity ν 1.54e−6 m 2/s

Table 1 
Model Boundary Conditions
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𝑢𝑢 = 𝑢𝑢∗

√

8

𝑓𝑓
� (2)

where u* is the bed shear velocity in m/s and f is a semi-empirical, 
non-dimensional friction factor that can be determined using the 
White-Colebrook function, which is a drag law and assumes hydraulic rough 
flow, written as

√

8

𝑓𝑓
= 5.75 log

(

12ℎ

𝑘𝑘𝑠𝑠

)

� (3)

where ks is the Nikuradse bed roughness scale in m, here estimated to be 
2.5 times the median grain diameter, D50. Here we neglect larger bedforms 
and channel forms that can substantially increase flow resistance. Thus, the 
flow velocities we calculate should be seen as upper bounds. Conservation of 
momentum, under the assumption of steady and uniform flow, and a balance 
between the driving stress and the resisting stresses on the channel walls and 
bed yields

𝜏𝜏 = 𝜌𝜌𝜌𝜌𝜌𝜌𝑤𝑤𝑆𝑆 = 𝜌𝜌𝜌𝜌2∗� (4)

where τ is the driving stress in N/m 2, ρ is the water density in kg/m 3, g is grav-
ity in m/s 2, S is the channel bed slope in m/m and Rw is the hydraulic radius 
in m. The hydraulic radius for a rectangular channel with equivalent wall and 
bed roughness is given by

𝑅𝑅𝑤𝑤 =
ℎ𝑊𝑊

2ℎ +𝑊𝑊
� (5)

In addition to the hydraulic parameters, we calculated the Froude and the 
Reynolds number to investigate the effects of gravity on the transition between 
subcritical and supercritical, and laminar and turbulent flow, respectively:

𝐹𝐹𝐹𝐹 =
𝑢𝑢

√

𝑔𝑔𝑔
� (6)

Re =
𝑢𝑢𝑢

𝜈𝜈
� (7)

where ν is the kinematic viscosity in m 2/s. This version of the Froude formula 
assumes open channel flow and a rectangular cross section.

2.3.  Supporting Fluvial Sediment Transport Parameters

The mobility of the bed sediment can be expressed by the particle mobility 
parameter, that is, Shields number, defined as

𝜃𝜃 =
𝜏𝜏

(𝜌𝜌𝑠𝑠 − 𝜌𝜌)𝑔𝑔𝑔𝑔
� (8)

where ρs is the sediment density in kg/m 3 and D is the grain size in m. The 
Shields number, θ, is a nondimensionalization of the bed shear stress. The 
initiation of motion of particles on the bed is commonly described by the 
Shields curve, which provides a critical Shields number, θcr, for the initi-
ation of motion of each grain size. Over the years, many critical Shields 
curves have been formulated, of which we compared 18 in Appendix  A1 
(Beheshti & Ataie-Ashtiani, 2008; Brownlie, 1981; Cao et al., 2006; Collins 
& Rigler, 1982; Kleinhans et al., 2017; Komar & Clemens, 1986; Lapôtre Su
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& Ielpi, 2020; Mantz, 1977; Paphitis, 2001; Simões, 2014; Soulsby, 1997; van Rijn, 2007; Zanke, 2003). The 
comparison shows that most of the relations produce similar results (Figure A1). Thus, in the subsequent calcu-
lations for sediment transport rates we used the physics-based relation of Zanke  (2003) (Equations A1–A9). 
Although some sediment transport relations were designed to be used with a specific critical Shields number 
relation (Table 2), we use Zanke (2003) for all cases for purposes of comparison.

Bagnold (1966) defines the transition between bed load and suspension by the ratio of the downward component 
(settling velocity) and the upward component (turbulence) called the movability number k, where

𝑘𝑘 =
𝑤𝑤𝑠𝑠

𝑢𝑢∗
� (9)

and ws is the settling velocity in m/s. Various values for k have been used in the past ([1–1.79] see Komar, 1980), 
however we use k = 1 for the suspension threshold for simplicity.

The velocity with which particles settle from the water column results from balancing the drag with the gravita-
tional forces. We use the equation from Ferguson and Church (2004) given by

𝑤𝑤𝑠𝑠 =
𝑅𝑅𝑅𝑅𝑅𝑅2

𝐶𝐶1𝜈𝜈 +
√

0.75𝐶𝐶2𝑅𝑅𝑅𝑅𝑅𝑅3
� (10)

where R is the relative density, (ρs − ρ)/ρ, and C1 and C2 are constants. C1 is the constant in Stokes' equation for 
laminar settling and C2 is the constant asymptotic value of the drag coefficient. Both coefficients are related to 
the smoothness/roughness, angularity, and sphericity of the particles and we use 20 and 1, respectively (Ferguson 
& Church, 2004).

Additional parameters that were calculated are the particles Reynolds number Rep, the Bonnefile parameter D*, 
that is, non-dimensional grain size, and the advection length LA (Lamb et al., 2010) (Equations 11–13). The parti-
cle Reynolds number and Bonnefile parameter are used in several sediment transport equations (Table 2). The 
advection length provides the average horizontal distance traveled by a particle before settling, which is important 
for morphology. Rep, D*, and LA are given by

𝑅𝑅𝑅𝑅𝑝𝑝 =
𝐷𝐷3∕2

√

𝑅𝑅𝑅𝑅

𝜈𝜈
� (11)

𝐷𝐷∗ = 𝐷𝐷

(

𝑅𝑅𝑅𝑅

𝜈𝜈2

)1∕3

� (12)

𝐿𝐿𝐴𝐴 =
𝑢𝑢𝑢

𝑤𝑤𝑠𝑠

� (13)

2.4.  Bed and Suspended Load Sediment Transport Equations

The hydraulic conditions and parameters related to sediment mobility, discussed above, serve as input for the sedi-
ment transport formulations. We used 20 bed load transport equations and 11 suspended sediment entrainment 
equations (Table 2). For all sediment transport calculations, we assume that transport is limited by the flow and 
sediment availability is unlimited. We evaluated these formulas using a single characteristic particle size for each 
scenario. Although riverbeds tend to have a mixture of particle sizes, it has been shown that finer particles tend 
to be sheltered between larger particles and thus are more difficult to move than expected (e.g., Parker, 1990). In 
addition, larger particles are more exposed to the flow, and can roll more easily over smaller particles, render-
ing their mobility greater than expected. The result of these grain hiding and exposure effects is that sediment 
transport of the entire mixture is often well characterized by using the median particle size, D50, in the transport 
relation. The shields number in the bed load transport and entrainment relations should be the component due 
to skin friction, not due to form drag from bedforms or channel forms (e.g., Smith & McLean, 1977). Here we 
neglect bedforms and assume form drag is negligible for purposes of comparison. This assumption likely renders 
the sediment loads we calculate too large.
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The volumetric bed load transport per unit channel width is defined in 
non-dimensional form (Table 2) using the Einstein parameter

𝜙𝜙𝑏𝑏 =
𝑞𝑞𝑏𝑏

√

𝑅𝑅𝑅𝑅𝑅𝑅3∕2
� (14)

where qb in the bed load transport in m 2/s (m 3/s per m channel width). The 
suspended concentration profile, C, in m 3/m 3 depends on a near-bed reference 
concentration, Ca, in m 3/m 3 (Table  2) at the reference height above the bed, 
a, in m with which a Rouse profile is calculated. Here we assume an equilib-
rium suspension such that the near bed reference concentration is equal to the 
entertainment parameter, Es. By integration and multiplication with the velocity 
profile, U, in m/s we obtain suspended transport:

�� = ∫

ℎ

�
� ⋅ Udz = ∫

ℎ

�
��

(ℎ − �
�

�
ℎ − �

)�
⋅
�∗
�
ln
(

�
�0

)

dz� (15)

where z0 is the zero-velocity level defined by 0.033  ⋅  ks and P is the Rouse 
number (Rouse, 1937),

𝑃𝑃 =
𝑤𝑤𝑠𝑠

𝛽𝛽𝛽𝛽𝛽𝛽∗
� (16)

where κ is the von Karman's constant taken to be 0.41 and the constant β taken 
to be 1 as it is likely near unity but can vary due to differences in turbulent 
diffusivity of the suspended sediment relative to momentum (e.g., de Leeuw 
et al., 2020). Since β and Es are often calibrated together, it is best to use specific 
paired relations as given by the original studies. However, for purposes of 
comparison, here we assume β is unity for all cases.

2.5.  Total Sediment Transport and Mixtures

The total transport load is evaluated in two ways (Table 3). First, an empirical 
total load equation is used that implicitly combines bed and suspended load 
(Engelund & Hansen, 1967). Second, we follow de Leeuw et al. (2020), which 
is the most recent study to the authors knowledge that explicitly combines bed 
and suspended load transport to determine total transport.

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

𝜙𝜙𝑡𝑡 =
0.1

𝑓𝑓
𝜃𝜃2.5� (17)

which can be converted to dimensional total transport, qt, in m 2/s using Equa-
tion 14. To obtain total sediment transport in m 3/s the value is multiplied with 
the channel width.

The total transport by de Leeuw et al. (2020) is determined by explicitly adding 
the bed load transport rate, qb, and the suspended transport rate, qs. Follow-
ing de Leeuw et al. (2020), bed load transport is determined using the relation 
by Fernandez Luque and van Beek (1976) (Table 2). The near-bed volumetric 
concentration within the bed load layer can then be calculated as

𝐶𝐶𝑏𝑏 =
𝑞𝑞𝑏𝑏

ℎ𝑏𝑏𝑢𝑢𝑏𝑏
� (18)

where hb is the bed load-layer thickness in m and ub the bed load velocity in m/s 
described byTo
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ℎ𝑏𝑏 = 0.6

(

𝐹𝐹𝐹𝐹

(

𝐷𝐷

ℎ

)2
)0.3

� (19)

𝑢𝑢𝑏𝑏 = 0.6𝑢𝑢� (20)

determined from Chatanantavet et al. (2013) as in de Leeuw et al. (2020). Suspended transport is calculated by 
substituting Cb at elevation hb for Ca and a in Equation 15 (Table 3). For the calculation of total transport, we 
also substitute the Rouse number where β = 1 (Equation 16) in Equation 15 with the specific Rouse number as 
defined in de Leeuw et al.  (2020). This was done to more fairly compare the two methodologies, because de 
Leeuw et al. (2020) was originally calibrated using

𝛽𝛽 = 2.4612

(

𝑤𝑤𝑠𝑠

𝑢𝑢∗

)0.547

� (21)

In addition to analyzing transport relations using a single characteristic (or uniform) particle size we also 
performed calculations explicitly considering the full grainsize distribution of the sediment bed (Figure 2). The 
sediment composition is a lognormal distribution with the peak between the coarse sand and fine gravel class 
(Figure 2b). The distribution includes sediment fractions from coarse silt to cobles (63 μm − 20 cm). The D50 
of the mixture was used to calculate one Nikuradse bed roughness value, ks, and one critical Shields number of 
the mixture, θcr,D50. Hiding and exposure effects of the mixture were considered by using a function from Parker 
et al. (1982), so that

𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝑐50

(

𝐷𝐷𝑖𝑖

𝐷𝐷50

)−𝛾𝛾

� (22)

where gamma is 0.9 (Parker, 1990) and Di is the grain size of the sediment fraction of the mixture. A total sedi-
ment transport rate was calculated for every sediment class based on the grain size of that class, Di (replacing 
D with Di in Equations 8, 10, 14, and 19). We multiplied this rate with the bed fraction of the total sediment 
composition of that class, fraci, (Figure 2b). The summation of the transport rates of these classes provide 
the total sediment transport rate for the mixture. For the calculation of the transport rate of the sediment 
mixture we only used the equations of total transport previously mentioned (de Leeuw et al., 2020; Engelund 
& Hansen, 1967).

Figure 2.  Grain size mixture created from a lognormal grain size distribution (a), divided into grain size classes (b), and visualized as a cumulative distribution (c).

 21699100, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

007788 by C
alifornia Institute O

f T
echno, W

iley O
nline L

ibrary on [10/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

BRAAT ET AL.

10.1029/2023JE007788

10 of 28

3.  Results
3.1.  Effects of Gravity on Hydraulics

In Figure 3 the effect of gravity is visualized for different calculated hydraulic parameters and a range of input 
discharges. Figure 3 shows that gravity has clear effects on water depth, hydraulic radius, velocity, shear stress 
and shear velocity. For a given range of discharges, water depth is inversely correlated with gravity, leading 
to increased water depth and hydraulic radius on Mars as compared to Earth (Figures 3a and 3b). In addition, 
lower gravity reduces velocity, bed shear stress and shear velocity (Figures 3e–3g). The hydraulic parameters 
are increasingly sensitive to changes in gravity for decreasing gravities. Gravity has no effect on the Reynolds 
number (Figure 3h), meaning that the transition from laminar to turbulent flow is independent of gravity for a 
given discharge. The effect of gravity on the Froude number is existent, but negligible (Figure 3d). All scenarios 
considered were subcritical and turbulent.

The effects of gravity are different when water depth is used as independent variable (boundary condition) instead 
of discharge and are visualized in Figure 4. Since water depth is in this case not dependent on gravity and there-
fore constant, so is the hydraulic radius (Figure 4b). Velocity, shear stress, and shear velocity are still strongly 
affected by a change in gravity as is discharge in this case (Figures 4a and 4e4g). However, the relation between 
gravity and shear stress is now linear (Figure 4f) because there is no gravity component in the water depth, as 
compared to Figure 3f. The Reynolds number becomes dependent on gravity and the Froude number is no longer 
dependent on gravity (Figures 4d and 4h). The rest of the results presented are based on discharge as independent 
variable. The effect of gravity on sediment transport with water depth as an independent variable are shown in 
Appendix A3.

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/m 2], (g) shear velocity u* [m/s], and (h) Reynolds number Re [−] as a function of gravity g 
[m/s 2] for a range of discharges Q [m 3/s].
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3.2.  Effects of Gravity on Fluvial Sediment Transport

The response of the hydraulic parameters to changes in gravity in turn affect the transport rate of the sediment. 
Figure 5 represents the response of settling velocity and sediment mobility to Mars and Earth gravity for a range 
of grain sizes under a fixed water discharge of 2,000 m 3/s. Despite the fact that lower gravity on Mars reduces 
shear stress and shear velocity (Figure 3; Equation 4), which would decrease fluvial sediment transport rates, the 
mobility of the sediment increases as a result of two additional mechanisms: First, settling velocity is lower under 
lower gravity (Figure 5a; Equation 10), resulting in a lower shear rate for the transition to suspension (Figure 5b; 
Equation 9), as noted by previous studies. The settling velocity is independent of the initial hydraulic condi-
tions (i.e., water depth or discharge; Figure A2a), and depends only on gravity, grain size and relative density. 
The reduced settling velocity, despite lower martian velocities, increases the transport distance of the grains, as 
expressed by the advection length (Figure 5d; Equation 13). Second, martian gravity results in a higher Shields 
number and movability number (Figures 5b and 5c; Equation 8) similar to previous findings by Komar (1980), 
Burr et al.  (2006), and Grotzinger et al.  (2013), increasing the tendency of the sediment to be mobilized and 
suspended. This is indicated by the Shields number and Movability number surpassing the thresholds of motion 
and suspension at larger grain sizes (Figures 5b and 5c). As a result, larger grains can be picked up and trans-
ported in suspension for martian gravity.

To better understand the effects of gravity on the different modes of transport, we show grain size dependent 
transport for various transport equations in Figures 6a and 6b, visualizing the equations from Table 2 using Equa-
tion 14. Despite the order of magnitude differences in predicted transport rates between different formulas, nearly 
all equations agree on the relative effect of gravity. The influence of gravity on bed load transport is limited, 
except for the largest grains that on Earth lie below the threshold of motion (Figures 6a and 6c). This bed load 
transport rate difference is caused by the higher non-dimensional shear stress on Mars that results in picking up 
larger grains for the same discharge (Figure 5b). Because we consider this a critical effect of gravity, formulas 
that do not include a critical threshold for mobility are not recommended. They are therefore not included in 
Figures 6a and 6c (Bagnold, 1966; Einstein, 1942; Meyer-Peter & Müller, 1949; K. C. Wilson, 1966). Further-
more, a few relations produced smaller bed load transport values toward smaller grain sizes while they should be 

Figure 4.  Hydraulic variables calculated using independent variables water depth, slope, and width. (a) Water discharge Q [m 3/s], (b) hydraulic radius Rw [m], (c) 
friction factor f [−], (d) Froude number Fr [−], (e) velocity u [m/s], (f) shear stress τ [N/m 2], (g) shear velocity u* [m/s], and (h) Reynolds number Re [−] as a function 
of gravity g [m/s 2] for a range of water depths h [m].
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more easily transported until reaching a maximum concentration. As this seemed undesirable for our purpose, 
these equations were excluded as well (Engelund & Fredsoe, 1976; van Rijn, 1984a).

The influence of gravity on suspended transport is much stronger than for bed load transport (comparing Figure 6b 
with Figure 6a; Figure 6d with Figure 6c). Lower gravity results in more suspended sediment transport. This 
gravity difference for suspension translates to the total transport per grain size (Figure 6e). Because suspended 
sediment is more important for smaller grain sizes, absolute and relative (Figure 6f), the effect of gravity is 
stronger for smaller grain sizes. Some suspended transport equations predicted higher suspended transport rates 
than the bed load transport rate for big grain sizes. They were therefore deemed unsuitable for the purpose 
of predicting martian transport and not included in Figures 6b and 6d (Akiyama, 1986; Celik & Rodi, 1984; 
Garcia, 1991; Itakura & Kishi, 1980; Wright et al., 2004).

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/s 2] and a given discharge Q of 2,000 m 3/s, where (b and c) include the 
motion threshold (Zanke, 2003) and suspension threshold (ws/u* = k = 1). Please note the logarithmic scale in all subplots.
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By taking the ratio of the total transport of Mars and Earth, the relative differences in transport between Mars and 
Earth are highlighted for all grain sizes (Figure 6g). When considering total transport with explicit inclusion of 
bed load and suspended transport (de Leeuw et al., 2020), the grain sizes at the bed load-suspension transition are 
affected strongest, leading to a peak of about 3 times higher transport rates for Mars (Figure 6g). This is because 

Figure 6.  Fluvial transport rates as a function of grain size. (a) Bed load transport rate qb [m 3/ms] by formulas indicated 
in Table 2, (b) suspended transport rate qs [m 3/ms] by formulas 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 [m 3/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/s 2] and a given discharge Q of 2,000 m 3/s and channel 
geometry.
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for this grain size range, there is predominantly suspended transport on Mars, whereas bed load transport on 
Earth. Which sediment class is affected most depends on the flow conditions that define the bed-suspension load 
transition, which in our scenarios is medium sand. The fine sediments on the left side of the bed load-suspension 
transition peak are more effected by gravity than the coarse grain sizes on the right side of the peak. This is caused 
by the higher gravity effect on suspended sediment compared to gravity effect on bed load transport. Nonetheless 
this gravity effect reduces for silt and smaller grain sizes. This effect is very uncertain as transport equations are 
often not calibrated for cohesive sediment, that is, mud (<63 μm) and is therefore not visualized. For the coarsest 
grains that are transported, there is a very large peak. This is because these largest grain sizes are only transported 
as bed load on Mars and not on Earth. No ratio could be determined for transport on Mars without transport on 
Earth. When these results are compared to the total transport relation that does not distinguish between bed load 
and suspended transport (Engelund & Hansen, 1967), it is clear that this approach ignores the grain size depend-
ent gravity effect. The relationship provides a transport rate for Mars that is 1.4 times higher than Earth, which 
is independent of grain size.

3.3.  Fluvial Sediment Transport for a Given Sediment Mixture

Instead of calculating fluvial sediment transport for a uniform, single grain size, the sediment transport rate 
can also be calculated for a sediment mixture, which is more realistic for natural rivers. For a lognormal 
sediment distribution (Figure  2), the total sediment transport rate increases exponentially with decreasing 
gravity (Figure 7a). This indicates that the total sediment transport rate for the mixture presented in Figure 2 
is higher on Mars than Earth. The contribution of different grain size classes to this total value varies slightly 
between Earth and Mars for the method of de Leeuw et al. (2020): On Mars there is a relatively larger contri-
bution of larger grains (Figure 7b). The contribution of the grain size classes with the method of Engelund 
and Hansen (1967) is similar for Earth and Mars as the grain size dependent gravity effect is not included 
(Figure 6g). Despite these differences, the total transport of the two methods is comparable in magnitude and 
shows a similar trend over gravity (Figure 7a). This is expected as both methods calibrated using the same 
data.

Figure 7.  Total fluvial transport rates for the lognormal grain size distribution from Figure 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 [m 3/ms] for a range of gravity g [m/s 2], (b) contribution of each 
sediment fraction to the total sediment transport rate. Based on independent variables: Q = 2,000 m 3/s, W = 200 m, and S = 0.001 m/m.
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Figure 7a also indicates the effect of gravity on Titan and Venus. These bodies also have the potential for fluvial 
transport by a Newtonian fluid. However, these values do not provide much information about the transport rates 
on Titan and Venus. This study only isolates the effect of gravity, but other differences like fluid and sediment 
density differences have been ignored. Especially for Titan, this effect is expected to be much larger than the 
gravity effect.

4.  Discussion
4.1.  Fluvial Sediment Transport Rates on Mars

Total fluvial sediment transport rates are higher on Mars than on Earth for the same idealized conditions, that 
is, water discharge, sediment distribution and channel geometry. This is for two reasons: (a) The threshold for 
the initiation of motion is lower resulting from a higher Shields number for a given discharge. Consequently, 
bigger grains are transported, and a smaller discharge is needed on Mars compared to Earth to move sediment 
and therefore increase transport, non-linearly, after initiation of motion. (b) Relatively more transport occurs in 
suspension as the larger Shields number shifts the transition zone for bed-suspended load transport toward bigger 
grain size classes. In addition, the magnitude of suspended transport is higher under lower gravity, which further 
reduces the ratio between bed load and suspended transport. As a result, net transport rates are higher under lower 
gravity-conditions, such as on Mars.

Without calculating sediment transport, Komar (1980) and Burr et al. (2006) already showed that martian flows 
could have transported bigger grain sizes in different transport modes, which they relate to the differences in 
settling velocity and stream-flow velocity. Furthermore, Amy and Dorrell (2021) identified that suspended sedi-
ment flows have a slightly higher potential for transport on Mars, which agrees with our results. In addition, we 
quantify how the transport modes are affected under martian conditions by calculating bed load and suspended 
load transport rates separately and as a total rate for a range of grain sizes (Figure 6). For total load, each grain 
size experiences larger net transport rates, but fine particles are disproportionally affected because they are more 
commonly transported as suspension. Consequently, sediment fractions experience gravity differently depending 
on their transport mode, with important implications for the distribution of grain sizes that are transported and 
available to deposit.

In this study we isolate the effect of gravity on hydraulics and sediment transport. The model computes 
capacity-driven transport assuming unlimited sediment availability. However, a freely erodible sediment bed was 
not only unlikely on Mars due to possible permafrost, but also due to geological constraints like bed armoring 
(Ferdowsi et al., 2017), cohesive sediment (Braat et al., 2017; Edmonds & Slingerland, 2010; Peakall et al., 2007; 
van Ledden et al., 2004) and lithological variation (Lamb et al., 2015). Mars used to be more accommodating 
for fluid water in the Noachian and Early Hesperian, but most likely it has always been cold (Fairén,  2010; 
Wordsworth,  2016). Ice and permafrost reduce the mobility of channels and enhance overbank deposition 
(Piliouras et al., 2021), further enhancing relative suspended transport and its effects on morphology. In addition, 
supply-limited wash load (Khullar, 2007) was likely more significant on Mars than on Earth (Burr et al., 2006; 
Komar,  1980), though impossible to calculate. Due to the lower suspension threshold and settling velocities 
(Figure  5a), a larger portion of the sediments could contribute to the wash load instead of suspended load. 
Reduced flocculation by lack of organics could have further enhanced this effect (Lee et al., 2017). However, 
since wash load is not limited by flow, but by supply, a long-term contribution to the sediment load is unlikely.

4.2.  Implications for Geomorphology and Stratigraphy

Because gravity affects fine and coarse sediment fractions differently, we expect differences in morphology and 
stratigraphy due to varying ratios of sediment fractions and disparities in sediment sorting. Lower gravity reduces 
settling velocities and increases advection lengths on Mars (Figure 5), which alters sediment sorting in a standing 
body of water and longitudinal sorting in decelerating currents (Ferguson & Church, 2004). As a result, we expect 
coarser bed material on Mars for the same hydraulic and sediment conditions.

The change in ratio between bed load and suspended transport has implications for a range of geomorphological 
features across scales. Bed load transport affects in-channel morphological development through deposition and 
erosion, influencing dynamics, height, and the formations and growth of bed forms, point bars and in-channel 
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bars. This “channel-building” fraction can therefore affect the channel pattern and lateral migration rates. On the 
other hand, the suspended fraction determines the interaction between the channel and the floodplain. During high 
flows, sediments are distributed onto the floodplain, influencing floodplain elevation, levee formation, crevasse 
splays and cut-off infilling. Previous studies on Earth suggested that sand-bed rivers with high suspended loads 
(like on Mars) promote vertical bar accretion and subsequent conversion to floodplain (Nicholas, 2013). This, 
in turn, drives the formation of narrower, sinuous channels and reduces channel branching (Nicholas, 2013). 
As a result of the absolute and relative increase in suspended sediment on Mars, there is an expected higher 
likelihood of overbank deposit formation during channel flooding with faster and more prominent levee forma-
tion. However, it would be difficult to find evidence for this on Mars in the present day due to preferential erosion 
of the fine overbank deposits (Hayden et al., 2019).

Another consequence of higher suspension rates is an increased chance of hyper-concentrated flows (Burr et al., 2006; 
Komar, 1980), especially if fine sediment was abundantly present. Flows on Mars likely carried more sediment and 
were therefore possibly more erosive (also suggested by Bagnold (1962)). When entering a standing water body, these 
flows can create stratification or density-driven flows due to density differences, resulting in a higher likelihood of 
turbidity currents and deposits on Mars. In addition, we expect that larger suspended sediment fractions in deltas 
lead to deeper channels, less reworking, and a rugose delta brink contour, both with and without cohesivity (van der 
Vegt et al., 2016). Furthermore, we expect lower depositional slopes, due to the settling of particles over a longer 
distance (longer advection length due to reduced settling velocities) transporting more sediment to the delta front and 
the prodelta (van der Vegt et al., 2016). This may impact the slopes of delta foresets in stratigraphy, which is important 
for missions aiming to take sediment samples in the search for biosignatures (Vago et al., 2017). In contrast (Konsoer 
et al., 2018), state that suspended dominated flows on Mars require steeper slopes to produce the same bed shear stress 
and move sediment, all other things being equal. This is true for martian turbidity currents and shear stresses, however, 
the grains also weigh less which results in enhanced sediment transport in alluvial channels and reduced settling over 
larger distances, causing lower depositional slopes.

Lastly, the largest effect of gravity on geomorphology is caused by the higher total transport rate on Mars, which 
suggest that depositional landforms developed faster than their counterparts on Earth for the same discharge. As 
the fluvial sediment transport rate could be several times greater (e.g., 3 times higher for medium sand; Figure 5; 
or 50% higher based on the chosen mixture; Figure 6), fluvial alluvial landforms visible on Mars would have 
required a shorter period of fluvial activity to form compared to Earth. In other words, over the same time period, 
the same discharge would develop a much larger landform on Mars. Yet, the temporal variability of fluvial sedi-
ment transport is large. It has been argued that the intermittency factor, defined as the fraction of total time in 
which bankfull flow would accomplish the same amount of sediment transport as the real hydrograph, is much 
smaller on Mars (Hayden et al., 2019). This could result in longer fluvial activity for landforms on Mars despite 
transport being more efficient.

4.3.  Best Practice for Planetary Fluvial Sediment Transport Calculations

Our model can be used to estimate past fluvial sediment transport for typical martian channels, when channel 
geometry, grain size and one hydraulic parameter are available. In theory, the geometry of the channel can be 
obtained from stratigraphy or channel remnants at the surface. However, obtaining accurate channel geometry 
is challenging due to alterations over time and limited detailed elevation data. In this study, discharge is used as 
the hydraulic parameter, although water depth (see Appendix A), which can be estimated from features like river 
terraces, may be more feasible. Given the high uncertainty in these parameters, it is recommended to utilize upper 
and lower estimates and run multiple model scenarios to obtain a range of martian sediment transport.

Fluvial sediment transport equations are semi-empirical equations that are fitted to physical experiments or field data 
obtained on Earth. As the equations are physics-based, we assume the relations between gravity and sediment trans-
port is the same on Earth and Mars, despite that the empirical part of equations might not capture martian conditions 
accurately. However, it is practically impossible to conduct physical experiments under reduced gravity conditions for 
long enough time periods to represent realistic sediment transport rates. For example, drop tower experiments take 
about 5 s each and parabolic flights 30 s. In addition, more physical reliable models using the discrete element method 
using computational fluid mechanics (CDF) (e.g., Schmeeckle, 2014), in which the movement of individual grains are 
modeled, are extremely computationally expensive. Consequently, analytical, and numerical models can help to evalu-
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ate existing transport laws and provide estimates of transport rates on other planets. Although there is a risk that gravity 
might be hidden in some of the coefficients, past experiments testing different sediment densities in combination with 
non-dimensional analysis have helped addressing potential biases (Kleinhans, 2005).

We recommend using a total load equation that explicitly defines a relation for bed load and suspended load 
transport. By using a simplified total load equation that does not distinguish between transport modes, important 
effects of gravity on sediment transport are overlooked. Considering all formulas discussed, though more options 
are available, we recommend the method of de Leeuw et al. (2020) using bedload-layer equations as this approach 
is the most recent study to the authors knowledge that explicitly combines bed load and suspended transport. The 
approach is valid for a broad range of grain sizes and is well calibrated and validated. We want to emphasize that 
this is our recommendation for Mars. Most formulas are designed with a specific purpose in mind for Earth (e.g., 
gravel bed rivers) and could therefore be a better choice for a specific location on Earth. Figures 6a and 6b could 
contribute to modelers picking the most suitable equation for their own research.

The equation of Engelund and Hansen (1967) is a popular equation in terrestrial fluvial geomorphology because it 
is simple and predicts the correct order of magnitude of sediment transport. It is a popular equation in 2D horizon-
tal models because it creates realistic channel patterns (Baar et al., 2019). However, since our results have shown 
that gravity acts differently on suspended sediment compared to bed load transport, total load equations that are 
calibrated for Earth and do not separate these modes of transport should be avoided in case of Mars. Figures 6e 
and 6g include the total load equation from Engelund and Hansen (1967), with which all grain sizes are affected 
uniformly by gravity (Figure 6g). This leads to a different sediment distribution being transported (Figure 7b), 
despite that the total transport rate seems similar to the method explicitly combining bed and suspended load 
(Figure 7a). First, Engelund and Hansen (1967) do not account for a strong increase in transport for the grains 
sizes that pass the threshold from bed load to suspended load for lower gravity. Second, the suspended load 
should increase relatively to the bed load transport in total and for all grain sizes for lower gravity. Third, the 
equation of Engelund and Hansen (1967) does not account for a critical shear stress, a non-negligible factor.

Finally, we stress to clearly describe your independent variables, that is, input conditions. As shown in Figures 8a 
and  8b and Appendix  A, a water level boundary can lead to completely different conclusions on the fluvial 
sediment transport comparison between Earth and Mars compared to results with a discharge boundary. Aside 
from discharge and water level, one could also input velocity or bed shear stress as their independent variable 
(Figure 8). Though it is shown here that transport on Mars is higher for equal discharge, velocity, and shear stress, 
but not water depth (Figure 8), different input conditions can lead to different conclusions. Especially the grain 
size mixture can alter the trends, as different grain sizes experience a different effect of gravity (Figure 6g). The 
choice of input conditions will depend on the data availability and the research question.

4.4.  Application to Other Planets and Moons

The focus of this research has been on defining differences in fluvial sediment transport between Earth and Mars. 
However, these results can also be valuable to calculate sediment transport on other planetary bodies or moons 
with significant Newtonian surface liquid (Figure 7a). Titan is an obvious target, as Titan has a hydrocarbon 
cycle in which liquid methane and ethane flow like a liquid at the surface. Images from the imaging Subsystem 
(ISS) (Porco et al., 2004) and Visual and Infrared Mapping Spectrometer (VIMS) (Brown et al., 2004) aboard the 
Cassini-Huygens mission have shown erosional and depositional landforms (Nixon et al., 2018) including alluvial 
fans (Birch et al., 2016), active river deltas (Wall et al., 2010), and river valleys (e.g., Burr et al., 2013). The grav-
ity effect for Titan can be obtained from this study (Figures 3 and 7a), however, there is also a significant effect of 
sediment and fluid density that adds to transport differences that are not considered here. Previous authors (Burr 
et al., 2006; Witek & Czechowski, 2015) already showed that transport, and especially suspended transport, in 
rivers on Titan is more effective than in terrestrial rivers for the same discharge, similar to results we observed for 
Mars. Potential future work is to analyze combined density and gravity effects on fluvial sediment transport with 
our parameterized model with the aim to interpret data from Titan.

Channels have also been identified on Venus that could be attributed to ancient fluvial activity (Khawja et al., 2020). 
Nonetheless, it is still highly uncertain if the climate on early Venus was similar enough to Earth to allow liquid water 
at the surface. Resolution of surface features at decameter scales on Venus shall be enabled by VenSAR (a phased 
array synthetic aperture radar) (Ghail et al., 2018) aboard ESA's EnVision mission, currently scheduled for launch in 
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2031. EnVision, and future missions observing the Venusian surface will provide data to which the approach of this 
paper could be applied. Our model could be used to investigate channel dimensions and sediment transport rates on 
Venus when more data is available, to estimate if the channels were formed by a Newtonian fluid (possibly water) or 
not (likely lava). If the fluid shaping the channels was water, hydraulic and sediment transport processes would be 
remarkably similar to Earth, because the difference in gravity between Earth and Venus is relatively small (Figure 7a).

5.  Conclusion
This study aimed to isolate and clarify the effect of gravity on fluvial sediment transport in an open, 
single-thread, alluvial channel for transport capacity limited, unidirectional, steady uniform flow. By using 
an analytical model, we compared a scenario with fixed channel geometry and discharge for Earth and Mars 
gravity to: (a) test the response of hydraulic and associated sediment transport parameters; (b) estimate 

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 [m 3/ms] for a range of (a) discharges Q [m 3/s] (original settings), (b) flow depths h [m] (Appendix A), (c) velocities u [m/s], (d) shear stresses τ [m 2/s]. All transport 
rates are based on Einstein (1950) and the sediment mixture (Figure 2).
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total sediment transport for a range of sediment grain sizes and a mixed sediment distribution; (c) compile, 
compare, and test the suitability of a range of sediment transport equations for application on Mars. We 
conclude that, because of the smaller force pulling the water downslope on Mars, the velocity and bed stresses 
are lower and water depth is higher for the same discharge. Despite this effect on the hydraulics, the mobility 
of the sediment is higher on Mars because particle weight is reduced due to lower gravity. The results showed 
that bigger grains can be entrained and suspended. Furthermore, the suspended transport rate is higher for 
lower gravity, while the bed load transport is less effected. Therefore, the total sediment transport rate is 
higher for the same discharge on Mars and the relative contribution of suspended sediment is higher. Because 
the effect of gravity is different for bed load and suspended load, the effect of gravity varies with grain size 
and is expected to impact morphology and stratigraphy. Likely effects are increased overbank sedimentation 
processed and reduced in-channel processes. Lastly, we advise to avoid using total load formulas for Mars, 
because they ignore that the effect of gravity varies with transport mode. Our results stress the significance of 
gravity on hydraulic and sedimentary processes and provide new insights into Earth-derived fluvial sediment 
transport formulas for estimating transport rates and morphological change on Mars and other planets and 
moons.

Appendix A
A1.  Thresholds for the Initiation of Motion

In this study we considered 18 equations for the initiation of motion of 16 publications (Table A1). In Figure A1 
we plotted the traditional equations of Brownlie (1981) and Soulsby (1997) and added less common equations 
of Mantz (1977) as described in Komar and Clemens (1986) and Paphitis (2001) and their own equations. From 
Paphitis  (2001) we plotted two different equations and from Komar and Clemens  (1986) we used their more 

Critical Shields curves

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

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 0.1𝑅𝑅𝑅𝑅−0.3∗   Figure A1

  Brownlie (1981) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 0.22𝑅𝑅𝑅𝑅−0.6𝑝𝑝 + 0.06 ∗ 10
−7.7𝑅𝑅𝑅𝑅−0.6𝑝𝑝   Figure A1

  Brownlie (1981) as in Miedema (2010) and Righetti and 
Lucarelli (2007)

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 0.22𝑅𝑅𝑅𝑅−0.9𝑝𝑝 + 0.06𝑒𝑒𝑒𝑒𝑒𝑒
(

−17.77 ∗ 𝑅𝑅𝑅𝑅−0.9𝑝𝑝

)

  Discarded

  Soulsby (1997)/Soulsby and Whitehouse (1997) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 =
0.3

1+ 1.2𝐷𝐷∗

+ 0.055(1 − exp(−0.02𝐷𝐷∗))  Figure A1

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

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 0.5

(

0.3

1+ 1.2𝐷𝐷∗

+ 0.055(1 − exp(−0.02𝐷𝐷∗))

)

  Discarded

  Paphitis (2001) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 =
0.188

1+𝑅𝑅𝑅𝑅∗
+ 0.0475(1 − 0.699𝑒𝑒𝑒𝑒𝑒𝑒(−0.015 ∗ 𝑅𝑅𝑅𝑅∗))  Figure A1

  Paphitis (2001) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 =
0.273

1+ 1.2𝐷𝐷∗

+ 0.046(1 − 0.576𝑒𝑒𝑒𝑒𝑒𝑒(−0.02 ∗ 𝐷𝐷∗))  Figure A1

  Zanke (2003) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 =
(1−𝑛𝑛)⋅tan(𝜙𝜙∕1.5)⋅𝐾𝐾

(

1+ 1.8⋅
𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑢𝑢𝑏𝑏

)2

⋅

⎛

⎜

⎜

⎝

1+ 0.4

(

1.8⋅
𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑢𝑢∗

)2

⋅tan(𝜙𝜙∕1.5)⋅𝐾𝐾

⎞

⎟

⎟

⎠

  Main paper; 
Figure A1

  Zanke (2003) fit from Kleinhans (2005) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 0.145𝑅𝑅𝑅𝑅−0.33𝑝𝑝 + 0.045 ∗ 10
−1100𝑅𝑅𝑅𝑅−1.5𝑝𝑝   Discarded

  Cao et al. (2006) 𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝 < 6.61 ⇒ 𝜃𝜃𝑐𝑐𝑐𝑐 = 0.1414𝑅𝑅𝑅𝑅−0.2306𝑝𝑝   Figure A1

𝐴𝐴 6.61 ≤ 𝑅𝑅𝑅𝑅𝑝𝑝 ≤ 282.84 ⇒ 

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 =

(

1 +
(

0.0223𝑅𝑅𝑅𝑅𝑝𝑝
)2.8358

)

0.3542

3.0946𝑅𝑅𝑅𝑅𝑅𝑅0.6769 

𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝 > 282.84 ⇒ 𝜃𝜃𝑐𝑐𝑐𝑐 = 0.045 

  van Rijn (2007) 𝐴𝐴 𝐴𝐴∗ < 4 ⇒ 𝜃𝜃𝑐𝑐𝑐𝑐 = 0.115𝐷𝐷−0.5
∗   Figure A1

𝐴𝐴 4 ≤ 𝐷𝐷∗ < 10 ⇒ 𝜃𝜃𝑐𝑐𝑐𝑐 = 0.14𝐷𝐷−0.64
∗  

Critical movability curves

  Komar and Clemens (1986) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 1.8𝑅𝑅𝑅𝑅−1.3∗   Discarded

Table A1 
Curves for the Initiation of Motion
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generalized form of Collins and Rigler (1982). Because this equation was most reliable, we did not use any of the 
other equations mentioned in Komar and Clemens (1986) or Collins and Rigler (1982). The Soulsby (1997) equa-
tion is sometimes also cited as Soulsby and Whitehouse (1997) and is for example, used in Kleinhans et al. (2017) 
and Lapôtre and Ielpi (2020). Additionally, we plotted more modern equations of the initiation of motion from 
Zanke (2003), Cao et al. (2006), van Rijn (2007), and Simões (2014).

In addition to the equation in the plot we also considered the Zanke (2003) fit from Kleinhans (2005) but was 
discarded because of the limited grain size range compared to the original Zanke (2003). We discovered that 
citation of Brownlie (1981) in Miedema (2010) and Righetti and Lucarelli (2007) seemed incorrectly cited. The 
equation differed from the original and the dimensional critical shear stress seemed to increase incorrectly for 
smaller grain sizes. A similar trend was observed with the equation from Beheshti and Ataie-Ashtiani (2008) and 
was therefore discarded.

After these considerations, the remaining 10 equations were all very similar (Figure A1). The largest differences 
occur in the cohesive regime. One equation deviates significantly from the other equations, which is the equa-
tion from Simões (2014). In the main part of the paper, we used Zanke (2003) (visible in green), because this 
equation is most physics-based, while many other equations are empirical fits to flume data, which could contain 
hidden gravity components in the coefficients. In addition, this equation has the advantage that it is valid for all 
grain  sizes, while the empirical fits are only valid for a specific grain size range.

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

𝜃𝜃𝑐𝑐𝑐𝑐 =
(1 − 𝑛𝑛) ⋅ tan(𝜙𝜙∕1.5) ⋅𝐾𝐾

(

1 + 1.8 ⋅
𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑢𝑢𝑏𝑏

)2

⋅

(

1 + 0.4

(

1.8 ⋅
𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑢𝑢∗

)2

⋅ tan(𝜙𝜙∕1.5) ⋅𝐾𝐾

)

� (A1)

where ϕ is the angle of repose, n the porosity fraction, K is a parameter for the cohesive effect, ub is the 
time-averaged flow velocity acting on the grain, u* is the shear velocity and 𝐴𝐴 𝐴𝐴′

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
 is the standard deviation of the 

velocity fluctuation.

𝐾𝐾 = 1 +
3𝑒𝑒 − 8

(𝜌𝜌𝑠𝑠 − 𝜌𝜌) ∗ 𝐷𝐷2
� (A2)

𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑢𝑢∗
= 0.31𝑅𝑅∗

𝑒𝑒 ⋅ 𝑒𝑒
−0.1𝑅𝑅∗

𝑒𝑒 + 1.8𝑒𝑒
−0.88

𝐷𝐷

ℎ ⋅

(

1 − 𝑒𝑒−0.1𝑅𝑅
∗
𝑒𝑒

)

� (A3)

𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑢𝑢𝑏𝑏
=

𝑢𝑢′
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

∕𝑢𝑢∗

𝑢𝑢𝑏𝑏∕𝑢𝑢∗
� (A4)

  Komar and Clemens (1986) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 1.14𝑅𝑅𝑅𝑅−1.37∗   Discarded

  Komar and Clemens (1986) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 5.54𝑅𝑅𝑅𝑅−1.09𝑝𝑝   Discarded

  Beheshti and Ataie-Ashtiani (2008) 𝐴𝐴 0.4 < 𝐷𝐷∗ ≤ 10 ⇒ 𝑘𝑘𝑐𝑐𝑐𝑐 = 9.6674𝐷𝐷−1.57
∗  𝐴𝐴 10 < 𝐷𝐷∗ < 500 ⇒ 𝑘𝑘𝑐𝑐𝑐𝑐 = 0.4738𝐷𝐷−0.226

∗   Discarded

  Simões (2014) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 0.215 +
6.79

𝐷𝐷1.7
∗

−
(

0.075𝑒𝑒𝑒𝑒𝑒𝑒
(

−2.62 ∗ 10
−3𝐷𝐷∗

))

  Figure A1

Critical shear stress curves

  Collins and Rigler (1982) 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 = 1.24𝑤𝑤0.33
𝑠𝑠   Discarded

Critical shear velocity curves

  Komar and Clemens (1986) after Collins and Rigler (1982) 𝐴𝐴 𝐴𝐴∗,𝑐𝑐𝑐𝑐 = 0.482(𝑅𝑅𝑅𝑅𝑅𝑅)
0.282

𝑤𝑤0.154
𝑠𝑠   Figure A1

Table A1 
Continued
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𝑢𝑢𝑏𝑏

𝑢𝑢∗
= 0.8 + 0.9

𝑢𝑢𝑦𝑦

𝑢𝑢∗
� (A5)

𝑢𝑢𝑦𝑦

𝑢𝑢∗
=

(

1 − 𝑃𝑃𝑡𝑡

𝑅𝑅∗2
𝑒𝑒

+
𝑃𝑃𝑡𝑡

(2.5𝑙𝑙𝑙𝑙(1) + 𝐵𝐵)
2

)−0.5

;� (A6)

𝐵𝐵 = (1 − 𝑃𝑃𝑡𝑡) ⋅ (2.5 ln(𝑅𝑅
∗
𝑒𝑒 + 5.25) + 8.5𝑃𝑃𝑡𝑡� (A7)

𝑃𝑃𝑡𝑡 = 1 − 𝑒𝑒−0.08𝑅𝑅
∗
𝑒𝑒� (A8)

𝑅𝑅∗
𝑒𝑒 =

𝐷𝐷𝐷𝐷∗

𝜈𝜈
� (A9)

Figure A1.  Mobility and suspension thresholds for (a) Shields number, that is, nondimensional shear stress θ [−], (b) bed shear stress τ [N/m 2], (c) shear velocity u* 
[m/s] and (d) movability number k [−] as a function of grain size for a given discharge Q [m 3/s] and two gravities g of 3.7 and 9.8 m/s 2.
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A2.  Selection of Bed Load and Entrainment Relations

Considering all cited bed load transport relations (Table 2), we recommend using a bed load equation that 
includes a critical value for mobility. Some equations are more useful than others as many formulas are 
developed with a single purpose in mind, for example, just for coarse-grained rivers. Also, very few studies 
investigated combined bed load and suspended load transport (e.g., de Leeuw et al., 2020; Einstein, 1950; 
Engelund & Fredsoe, 1976; van Rijn, 1984a, 1984b). Because the thresholds for motion and suspension differ 
on Mars, we prefer equations that contain a critical value for mobility (Ashida & Michiue, 1972; Camenen & 
Larson, 2005; Cheng, 2002; Einstein, 1950; Engelund & Fredsoe, 1976; Fernandez Luque & van Beek, 1976; 
Hunziker & Jaeggi,  2002; Meyer-Peter & Müller,  1948; Nielsen,  1992; Parker,  1979; Ribberink,  1998; 
Smart,  1984; van Rijn,  1984a; Wong & Parker,  2006). Equations that are therefore not recommended for 
Mars are Einstein (1942), Meyer-Peter and Müller (1949), Bagnold (1966), and K. C. Wilson (1966) and not 
plotted in Figures 6a and 6c. It should be noted that while Camenen and Larson (2005) and Cheng (2002) use 
a critical value, these equations do not cut off the transport at large grain sizes but use an exponential reduc-
tion in transport related to the critical Shield's curve. Meyer-Peter and Müller (1949) does not use a realistic 
critical Shields value but does have a cut off. A few equations unexpectedly decrease in bed load transport 
for smaller grain sizes (Einstein, 1942; Engelund & Fredsoe, 1976; van Rijn, 1984a). This is slightly counter 
intuitive and are therefore also not included in Figures 6a and 6c. A few equations deviate from the majority 
without specific reason (Smart, 1984; van Rijn, 1984a), it is unclear how dependable these equations are. 
Many of the bed load equations are consistent, predictable, and therefore reliable results are mostly of the 
form 𝐴𝐴 𝐴𝐴(𝜃𝜃 − 𝜃𝜃𝑐𝑐𝑐𝑐)

𝐵𝐵 , many modeled after Meyer-Peter and Müller (1948).

Suspended sediment entrainment relations show more variation than bed load equations. The formula from 
Itakura and Kishi (1980) is not valid for all grain sizes and is therefore not useful for our purpose. In addition, the 
formulas from Celik and Rodi (1984), Akiyama (1986), Garcia (1991), and Wright et al. (2004) show transport 
rates that are too high for large grain sizes, because the values are higher than all bed load transport formulas 
and pass the no motion threshold. These equations are also deemed unsuitable for this purpose and therefore not 
visualized (Figures 6b and 6d).

A3.  Fluvial Sediment Transport for a Given Water Depth

In contrast to the results discussed in the main body of the paper, the following fluvial sediment transport results 
are based on a given water depth rather than a given water discharge. Meaning that the water depth between the 
Earth and Mars scenario is the same and no longer gravity dependent. We have already seen from Figure 4 that 
therefore the hydraulic radius and the Froude number are not gravity dependent. In addition, the relation between 
shear stress and gravity is in this case a simple linear relation. Consequently, the sediment transport parameters 
and rate differ as well. The non-dimensional shear stress is no longer depended on gravity, meaning that for the 
same water depth, Mars and Earth can transport the same grain sizes (Figures A2b and A2c). For the suspension 
threshold there is a difference, but it is very minor. The movability number and the advection length only show 
higher numbers for Mars for smaller grain sizes. The effect of gravity on movability and advection length does 
not exist for coarse grains for a given water depth. Again, this stresses that grain sizes are affected differently by 
gravity.

For a given water depth there is more bed load transport on Earth compared to Mars (Figure A3a). The effect of 
gravity on suspended load is more complicated (Figure A3b). The suspended sediment entrainment equations do 
not all show the same relation. A general trend can be extracted. For median grain sizes (sands), the suspended 
transport on Mars is a bit higher, while for fine grain sizes (clay/silt), most equations predict that transport on 
Earth is slightly higher or equal. The effect on the coarse grain sizes (gravel/cobbles/boulders) is less important 
because those are dominated by bed load transport. In total will still see that more sediment is transported in 
suspension on Mars for a given water depth (Figure A3d), similar as for a given discharge (Figure 6d). This 
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Figure A2.  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) gravity acceleration g [m/s 2] and a given water depth h [m]. Please note the logarithmic scale in all 
subplots.

mostly impacts the grain sizes at the bed-suspended load boundary. However, looking at the Mars/Earth total 
transport ratio, it is clear that in general (fine and coarse grains) the transport on Mars is lower for a giver water 
depth (Figure A3e). Nonetheless, the sands are still transported more efficiently on Mars. The net effect on trans-
port will therefore depend on the sediment composition of the bed.
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Figure A3.  Fluvial transport rates as a function of grain size. (a) Bed load transport qb [m 3/ms] by formulas indicated in 
Table 2, (b) suspended transport qs [m 3/ms] by formulas 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 [m 3/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 [−] for Mars 
(red) and Earth (blue) gravity acceleration g [m/s 2] and a given water depth h [m] of 5 m and channel geometry.

 21699100, 2024, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

007788 by C
alifornia Institute O

f T
echno, W

iley O
nline L

ibrary on [10/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

BRAAT ET AL.

10.1029/2023JE007788

25 of 28

Data Availability Statement
No data was used in this paper. The analytical model and visualization scripts are available via GitHub and are 
permanently available via Zenodo (Braat, 2023). For this analysis, MATLAB version R2022b was used.
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