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Introduction: Almost all flow models for Mar-

tian gullies to date have assumed liquids that exhibit 
viscosities on the order of 1 cP such as pure water [1, 
2] and liquid carbon dioxide [3, 4].  However, we 
have recently characterized the density and viscosity 
of concentrated aqueous solutions of salts known to 
be present on Mars [5, 6].  This work was carried out 
on various solutions of Fe2+, Fe3+, Mg2+, and Ca2+ 
with Cl- and SO4

2- up to 65% by weight (for 
Fe2(SO4)3) under Martian temperatures, from 273 to 
220K.  The resulting liquids exhibit densities and, 
especially, viscosities far in excess of those previous-
ly used in gully simulations, either modeling or expe-
rimental.  This work reports on the results of gully 
flow modeling using these types of liquids with the 
expectation that this will lead to the same solutions 
being studied in our experimental gully simulator to 
identify geomorphological characteristics that might 
be observed on Mars [7, 8].  Specifically, in this 
study we estimate the flow velocity and the drag 
forces on boulders for these dense and highly viscous 
fluids in a representative Martian gully. Recent ob-
servations of boulders in gullies and gully-like fea-
tures suggest that they might be a probe of the forces 
and processes involved in gully formation [9].  

Modeling: The gully modeled was V-shaped with 
a 60° angle, a 15° slope, and an average surface 
roughness of 0.1 m.  The independent variables were 
kinematic viscosity (10-6 to 10-2 m2/s, at the density 
of pure water this corresponds to 1 to 10,000 cP) and 
depth of liquid in the gully (1 to 5 m).  Gravity was 
3.73 m/s2 and the flow was uniform and steady.  

Most equations relating open channel flowrate to 
gully morphology are semi-empirical in nature and 
tuned for terrestrial situations.  They generally as-
sume turbulent flow and water-like viscosity, and 
usually employ gentle slopes (<2°) and high width to 
depth ratios.  In order to circumvent these limitations, 
our model was a more general Bernoulli energy bal-
ance relating potential energy supplied by the 15° 
slope to energy dissipated by friction against the wet-
ted perimeter. To validate this approach, we com-
pared our results to those of a standard open-channel 
logarithmic velocity model utilizing the Chezy coef-
ficient, as shown in Figure 1.  The two models agree 
very well in the turbulent region, with the Bernoulli 
modeling also showing a region of laminar flow 

(Reynolds number < 2300) at high viscosity and low 
liquid loading in the gully. 

 
Figure 1. Comparison of estimated average velocities in 
Martian gullies from a standard terrestrial gully model and 
our adapted Bernoulli approach.   
 

Pure water would lie on a line along the left-front 
edge of the data.  In regions of turbulence, the flo-
wrate is a very weak function of viscosity.  While 
this may seem counter-intuitive, it is well known in 
highly-turbulent flow through rough pipes.  At very 
high Reynolds number, in excess of about 105, and in 
any type of conduit (gully or pipe) with a roughness-
to-diameter ratio exceeding about 0.01, the flow is 
“fully turbulent”.  This means that increasing the 
flowrate does not appreciably change the average 
velocity profile, which is quite flat at high degrees of 
turbulence.  Increasing the flow only amplifies the 
random eddy motion without changing its scale.  It is 
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the average velocity profile, not the random fluctua-
tions, that dominates the frictional losses against the 
walls and sides. 

The Bernoulli treatment predicts a laminar region 
at the right-hand corner of the data, as Re drops be-
low 2300.  The sudden increase of average velocity is 
due to the flow profile changing from chaotic turbu-
lence to an organized laminar configuration, resulting 
in a decrease of energy losses within the liquid phase.  
Pure water would not be expected to show laminar 
behavior in any gully size greater than a fraction of a 
cm across.   

Drag Forces on Boulders: One way to experimen-
tally test for the possibility that viscous solutions are 
responsible for gully formation would be to compare 
the sizes of spherical boulders that could be moved 
by these predicted flows to the size of boulders seen 
to be moved by actual flows on Mars.  To get an idea 
of the factors involved, a force balance was set up 
between the weight of a boulder immersed in the 
dense liquid, FB, and the lateral drag force exerted on 
the same boulder by the flows from Figure 1, FD,.  
The two forces are: 
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The density of the boulder (ρb), and the solution 

(ρf) was taken to be 3000 and 1200 kg/m3, respec-
tively, and the drag coefficient (CD) was a function of 
the boulder’s Reynolds number, Re.  Setting the two 
forces equal and numerically solving for d (since CD 
is a tabulated function of d) gives the diameter of the 
largest boulder for which the fluid flow past it exerts 
a force equal to its weight.   

While this may seem a fairly arbitrary measure, it 
is in line with the type of analysis required to deter-
mine if large-scale bodies can be moved by such a 
flow.  The force ratio used here is unity, and a differ-
ent ratio (amounting to a different coefficient of roll-
ing resistance) would be used in practice.  We will 
obtain these from literature or measure them in our 
gully apparatus.  Figure 2 shows the critical boulder 
diameter for the flows in Figure 1. 

 

 
Figure 2. Maximum boulder diameter for which the lateral 
fluid flow forces equal the weight of the boulder immersed 
in the fluid.   

 
These results indicate that the expected flow 

forces are substantial in comparison with the vertical 
resting force of basaltic boulders immersed in the 
liquid.  This is true for pure water and, interestingly, 
for more viscous solutions at low liquid loadings due 
to the increased velocity in the laminar flow region.  
From these results, boulders with diameters approx-
imately half the liquid depth would experience this 
much force. 

Conclusions: Based on in-situ analyses of uncon-
solidated surface deposits on Mars, a considerable 
amount of very soluble salts are present that, when 
mixed with water, could create viscous and dense 
solutions under Martian temperature conditions.  
These liquids could be responsible for the creation of 
at least some morphological features on Mars such as 
gullies.  Preliminary modeling has revealed the pos-
sibility of laminar as well as turbulent flows that may 
be capable of transporting rocky material large 
enough to be imaged by HIRISE.  The goal of our 
program is to consolidate laboratory studies of low 
temperature fluids, numerical modeling, flume-based 
experimentation and spacecraft images of gullies to 
determine the physical properties responsible for 
fluvial features on Mars. 
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