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Introduction:  Slope streak formation is an active, 

transient process on the surface of Mars [1]. Slope 
streaks form exclusively in regions of slopes and low 
thermal inertia, suggesting the presence of unconsoli-
dated air-fall dust deposits, and only where peak tem-
peratures exceed 275K, implying that the presence of 
water plays a critical role in their formation [2]. Slope 
streaks have been hypothesized to originate from a 
range of processes from completely dry to aqueous 
[e.g. 3, 4]. Most slope streaks were believed to be 
formed by dust avalanches, though the difficulty in 
explaining all details of slope streaks by a single 
mechanism was also recognized [3, 4]. Sullivan et al. 
proposed a dust avalanche model [3] in which dust 
accumulates as air fall and periodically slides down a 
hillslope, allowing the entrainment of additional mate-
rials from the ground that are subsequently transferred 
to the atmosphere. This model aptly explains many 
streak characteristics and is most successful in explain-
ing linear slope streaks. However, other streaks with 
flow-like morphologies (Fig. 1) remain problematic 
because internal deformation of the streak-forming 
materials becomes more important for the generative 
flow processes, so that these streaks are most easily 
explained by a flow mechanism. We caution that flow 
does not necessarily mean a liquid flow, since dry 
grains can also behave like a viscous flow [e.g. 5]. In 
this paper, we attempt to find a physical condition of 
material whose properties match those required by the 
results of modeling a plastic flow without assuming 
any particular material hypothesis.  
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Fig. 1. Slope streaks with distinct anastomosing 
patterns observed in MOC images (M10-00967, M10-
00037, and M16-00596). 
 

Morphologies of anastomosing streaks: Mor-
phologies of anastomosing streaks suggest that the 
velocity of the streak forming material is sufficiently 

slow, and the kinetic energy during the streak forma-
tion is almost perfectly consumed by the momentum 
dissipation factors. A point source origin is common, 
and usually there is no apparent source scar at the apex. 
These and other critical morphologic characteristics 
allow us to assume that a slope streak with an anasto-
mosing pattern is related to 1) a certain kind of flow 
with a sufficiently slow velocity, 2) a flow material 
supplied from a point source with a constant flow rate, 
and 3) no mass exchange between the flow and atmos-
phere and/or surface.  

Model: In general, flows with varying concentra-
tions of volatiles and dry granular flows can be con-
sidered to act as Bingham fluids [6,7]. With this 
assumption, we adopted a simplified Navier-Stokes 
equation for a slowly moving flow with a long-wave 
approximation, vertically integrated this equation to 
derive a volumetric flux, and placed it into a continuity 
equation to calculate a time sequential movement of 
the flow [8]. Based on MOLA topography and photo-
clinometric measurements [9], we conservatively used 
a 10° overall slope with oblong mounds whose long 
and short axis are 30m and 10m, and whose heights at 
their centers ranged from 1m to 2m, as boundary con-
ditions for our simulation model. In addition, the 
cross-sectional shapes of the mounds are sinusoidal to 
simulate eolian features.  

Results: Figure 2 shows some typical results with 
different rheological properties and conditions. Bifur-
cation does not occur on the higher viscosity flow be-
cause the viscous rheology allows for the flow thick-
ness to be deep enough to overtop small mounds. Even 
if the yield strength is small, a higher viscosity flow 
travels down the slope with sufficiently slow speed to 
increase the thickness to cover the topographic rough-
ness. Therefore, a combination of both a lower viscos-
ity and yield strength is necessary to bifurcate at small 
topographic barriers. From systematic calculations 
with wide range of rheological properties, we found 
that a fluid, which forms anastomosing streaks, likely 
has values of viscosity and yield strength less than 
~10Pa s and ~10Pa, respectively. We examined the 
effect of flow rate on the morphology. Our results sug-
gest that dark streaks with widths up to several tens of 
meters most likely formed with a flow rate less than 
several cubic meters per second. We also investigated 
the influence of density on flow morphology and 
found that if the density of the flow is extremely small 
(e.g., 20kg/m3), then, in order to move, the thickness 
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must be great enough to achieve sufficient gravita-
tional driving forces in the case with negligible inertial 
force, which is a restriction from morphological obser-
vations. Therefore, an anastomosing-patterned streak 
cannot be formed by a dust cloud-like flow.  

Discussions: There are two distinctive ways to ex-
plain our modeled results: a dry dust avalanche hy-
pothesis and an aqueous hypothesis. A dry hypothesis 
is more consistent with the recent findings of current 
Martian conditions, but there are some difficulties in 
explaining our modeled results. 1) No dry flow of a 
geological scale has been documented on slopes as 
shallow as those reported here (some are on less than 
10º): the friction angle of quartz grains is, for example, 
generally in the range of 26-30˚, and therefore, it is 
surprising that there are slope streaks on much shal-
lower slopes. 2) No dry flows of a geological scale 
have been reported to have the fluid rheological prop-
erties estimated for streaks in this work: dry landslides 
usually have several orders of magnitude higher vis-
cosities and yield strengths than those estimated in this 
work. 3) The aspect ratio of a streak with an anasto-
mosing pattern is difficult to explain by dry granular 
flows: rapid granular flows at the laboratory scale 
come to rest by freezing abruptly when the vertical 
height (H) and the travel distance (L) ratio (H/L) is in 
the range of 0.5-1.0, which is smaller than many slope 
streaks. There is a perception that granular flows may 
have a larger runout length on Mars when compared to 
the Earth because of the lower atmospheric pressure 
and gravity conditions. This may not necessarily be 
true. Since the thin atmosphere reduces the buoyancy 
of grain particles, the particle fall time is likely more 
rapid on Mars. Therefore, the mobility of a dry particle 
flow is not easily supported in the thin martian atmos-
phere. In addition, the measured friction for particles is 
known to be independent of normal load [9], which 
suggests that the low gravity will not reduce the coef-
ficient of friction. CO2 or H2O gas-supported flows are 
also unlikely for the same reasons.   

Our model results may be explained by exotic be-
havior of dust particles on the martian surface with 
unknown physics. However, we would like to suggest 
that a mixture of liquid water with dust is a simple way 
to explain the formation of anastomosing-patterned 
streaks. Our estimated yield strength and viscosity 
values are in the range of water-rich slurries that have 
a solid fraction of Kaolin less than 20 % [10,11]. 
Therefore, if we attribute the fluidity of the flow to 
water-related fluid, the solid fraction is probably quite 
low. Flows with a small volumetric concentration of 
solid particles may explain the lack of observed depo-
sitional features on dark slope streaks. We show that a 
streak with an anastomosing pattern is formed within 

several hours. Recent work shows that neither evapo-
ration nor freezing is an obstacle to the action of liquid 
water, even if such water were only a few centimeters 
deep [12]. Infiltration rate is controlled by the hydrau-
lic conductivity, the pressure head, and the moisture 
capacity. The hydraulic conductivity is usually much 
smaller than the saturated hydraulic conductivity. As-
suming that the hydraulic conductivity is 10-8m/s for 
the surface and the thickness of the flow is ~0.1m, the 
infiltration rate is on the order of several mm per sev-
eral thousand seconds. Therefore, once water emerges 
onto a slope, it can remain on the surface long enough 
to form anastomosing slope streaks. However, the 
aqueous hypothesis may be contradictory to recent 
measurements and our understandings of current-day 
Mars. Our conclusion is that slope streaks can have 
complex origins from dust avalanching to aqueous 
processes as endpoints.  

References: [1] Aharonson, O. et al., JGR, 108, 
doi:10.1029/2003JE002123, 2003. [2] Schorghofer, N. et al., 
GRL, 29, 2126, 2002. [3] Sullivan, R. et al., JGR, 106, 
23,607, 2001. [4] Ferris, J.C. et al., GRL, 29, 2002GL014936, 
2002. [5] Bagnold, R.A. USGS Prof. Pap. 422I, 1, 1966. [6] 
Huang, X. and Garcia, M., J. Fluid. Mech., 374, 305, 1998. 
[7] Balmforth, N.J. et al., J. Fluid. Mech., 470, 1, 2002. [8] 
Miyamoto, H. and S. Sasaki, JGR, 103, 27,489, 1998. [9] 
Beyer, R. A., et al., JGR, 108, 8085, 2003. [9] Lambe, T.W. 
and R.V. Whitman, Soil Mechanics, SI Version, pp. 97-240, 
1979. [10] Coussot, P. and M. Meunier, Earth Sci. Rev., 40, 
209, 1996. [11] Major, J.J. and T.C. Pierson, Water Resour. 
Res. 28, 841, 1992. [12] Hecht, M.H., Icarus 156, 373, 2002. 

a 
 

0m 1m 0m 3m 0m 52m 0m 2m 0m 2m 0m 2m

a) 
 

b) 
 

c) 
 

d) 
 

e) 
 

f) 
 

 
Fig. 2. Typical results of simulations with different 
flow conditions. Viscosities, yield strengths, supply 
rates of the material, densities are a) 50Pa s, 50 Pa, 
4m3/s, 103kg/m3, b) 103Pa s, 103 Pa, 4m3/s, 103kg/m3, 
c) 105Pa s, 105 Pa, 4m3/s, 103kg/m3, d) 104Pa s, 10 Pa, 
4m3/s, 103kg/m3, e) 10Pa s, 5 Pa, 4x103m3/s, 103kg/m3, 
f) 10Pa s, 10 Pa, 4m3/s, 20kg/m3, respectively. Anas-
tomosing patterns appear only for a) and e). Higher 
viscosity and/or yield strength and/or supply rate 
and/or lower density make the flow sufficiently thick 
to cover small mounds not to show an anastomosing 
pattern. 
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