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Introduction: A better understanding of the emplace-
ment dynamics of mass movements on Mars should lead to
inference on the rheology of these mass movements, in-
cluding the presence of water. Implications for the location
and near surface evolution of water on Mars could be de-
rived. We utilize topographic data obtained both on Earth
and Mars to estimate the flow velocity of observed mass
movement. By comparing these estimates with simple flow
models, we begin to constrain their flow dynamics. With a
few notable exceptions [e.g. 1, 2], velocity is not typically
used in such investigations. We show, however, that veloc-
ity provides an important additional constraint to flow
thickness [e.g. 3, 4, 5, 6, 7], flow volume [e.g., 7, 8] and
morphology [e.g, 9], that can improve inferences and mod-
els of mass movement emplacement. We use field data
from terrestrial analogues as ground truth to test model re-
sults and analyzes of flow emplacement based on topo-
graphic and remote sensing data. In this way, we establish
the validity and limitations of interpretations made with
similar topographic (MOLA) and high resolution imagery
(MOC) at Mars, and determine what additional types of to-
pographic data such as Mars Express' 10 m per pixel
stereoscopic topography might be required to ameliorate
such interpretations.

Approach: Prior to making any comparisons with the-
oretically calculated values, reasonable velocity measure-
ment of mass flow must be collected from remote sensing
or field data. Topography data is critical to this determina-
tion of velocity. There are two methods by which velocity
can be estimated: superelevation and flow run-up. Superel-
evation occurs when a flow surface tilts in turns. Using ev-
idence seen in the filed for such tilts, we can balance the
radial acceleration in the flow with the slope of the flow
surface, a measure of the downstream flow speed can be
estimated [10]. Such an approach has been successfully
used to determine flow speeds in debris flows [e.g., 1]. Ob-
served flow run-up on topographic obstacles also yields
flow velocity through the conversion from potential to ki-
netic energy of the mass movement. In this study, we will
assume that frictional losses in ascent are minimal [e.g.,
11] making our velocity estimates minima. In the case
when the flow actually clears an obstacle, the estimated ve-
locity represents the minimum velocity required by the
flow to clear the obstacle. Consideration of frictional ef-
fects by other authors, indicate that our estimates of veloci-
ty are valid to within a factor of 2 [12].

The tools and data products used for obtaining superel-
evation and run-up varied weather we were in the field or
used remote sensing data. On Earth, we used a combina-
tion of hand held GPS (see [1] for details), tape measures
and compasses as well as high resolution USGS digital ele-

vation maps to determine superelevation and runup. In ad-
dition we used the GPS and DEMs to obtain slope as a
function of distance downstream required by our simple
flow model. On Mars, we used MOLA DEM as well as in-
dividual orbits (PEDR). The MOLA DEM also provided
slope measurements.

For the purpose of ground truthing the interpretations
obtained by comparing measured to computed velocity, we
also obtained a vast amount of complimentary data. This
data includes detailed morphology and block distributions,
flow thickness and flow surface ondulations, all of which
can be used to help constrain flow dynamics. In the case of
our Mars analogs, some ground truth was provided by flow
thickness measurements obtained from MOLA, and sur-
face morphology as well as spacing between surface stria-
tions obtained from MOC.

Simple mass movement model: A balance of force is
used to determine the velocity of a block that represents a
mass movement sliding down a slope. Because the friction
term hides information on the rheology of these mass
movements, we consider four friction models: a Coulomb
friction model where friction is independent of velocity, a
laminar flow model where friction varies linearly as a
function of velocity [2], a turbulent flow model where fric-
tion varies as the square of the velocity [2], and a simple
granular flow model [13] where friction decreases (linearly
in this case) with flow speed. The Coulomb friction model
has been used [e.g., 2] to obtain some estimate of velocity
of mass movements but is rarely compared to actually flow
speeds obtained in the field. The model investigated is a
simple one in that it only tracks the center of mass of the
mass movement and does not consider its deformation with
its internal pressure effects. However, it is the first logical
step to considering the motion of mass movements and
should allow constraining what type of more sophisticated
empirical or physical flow model [e.g., 3, 4, 5, 6, 7] that
can lead to inferences on flow rheology.

Sites investigated: We selected two terrestrial sites for
this investigation: the General's slide located off the slopes
of the Shenandoah mountains in Madison County, Vir-
ginia, and Chaos Jumbles located in Lassen National Park
in California. The Madison flow occurred in 1995, while
the Lassen event occurred in the last 1000 years. These two
mass movements are quite different. The General's slide
was a wet debris flow that occurred after extensive rainfall
in the region of the site (Figure 1) [see 1 for more details].
Chaos Jumbles is comprised of several rock avalanches
(possible up to 4) that occurred after the slopes of a nearby
volcanic dome became too steep and began to fail (Figure
3).

On Mars, we selected several of the unconfined martian
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landslides in Vallis
Marineris where
instances of flow
runup and superel-
evation are visible
at MOLA scales.
Preliminary re-
sults: Comparison
of the measured
velocities obtained
on Earth and cal-
culations show
that friction mod-
els which include
some dependence
on velocity best
reproduce the ve-
locity observed in
the field (e.g. Fig-
ure 3). These two
mass movement,
therefore (and not
surprisingly), be-
have most like a
fluid flow. A very
good fit to the
Madison results is
achieved with fric-
tion being depen-
dent on the square
of the velocity,
consistent with the

Chezy formula used in [1] where the flow was implicit-
ly assumed to be turbulent. The values for the drag co-
efficient obtained by the model in this study and the
Chezy formula in [1] are essentially identical.

Use of both Coulomb friction and the simple granu-
lar friction model provide velocities that are not at all
consistent with observations. The latter result is some-
what of a surprise since the bouldery nature of the
Lassen rock avalanche seemed to make it a good candi-
date for a granular flow. Currently a laminar flow mod-
el best fits the measured velocity of this avalanche.
This result is consistent with the extremely fluid-like
character of this avalanche seen in the field, but not
with its rheology. Further model development is re-
quired to help characterize in a realistic and discrimi-
nating way the flow nature of Lassen's Chaos Jumbles.

Conclusion: The results indicate some consistency
between observation and model results. However, they
also show the necessity to use other data forms than

just measured velocity to determine flow properties.
Had we just used this velocity, we would have con-
cluded correctly that Lassen's Chaos Jumbles flowed
very much like a fluid, but we would have guessed in-
correctly that this avalanche was an extremely fluid de-
bris flow. In reality its a rocky flow, with probably
very little water present during its emplacement.
Clearly our simple model needs to be improved so that
it can distinguish between a Madison-like debris flow,
and a Lassen-like rock avalanche. Iversen [7] suggests
some techniques we will use in the future. The impor-
tance of ground truth to distinguish between models is
also critical. Other studies that have not carefully tested
their models with such ground truth data to first distin-
guish between different modes of mass movement em-
placement, and then characterize rheology could pro-
vide very misleading results.

Figure 3. Ex-
ample of sim-
ple model re-
sults. Left hand
side shows
good fit for
friction chang-
ing as a func-
tion of the
square of ve-
locity ( � =2).
Right hand
side shows
how a simple
granular flow
model does not
satisfy obser-
vations.
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Figure 1. Debris flow in Madison
County, Va.

Figure 2. Lassen's Chaos Jumbles
rock avalanche.
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