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Introduction:  

 Many field studies have been conducted that 
document the morphology of ventifacts and the direc-
tionality of their features relative to current and past 
wind regimes.  Field plots [1,2] and wind tunnel stud-
ies [3] have identified heights and particle concentra-
tions above the surface where maximum abrasion oc-
curs [6].  However, as of yet, the rates and detailed 
methods by which rocks abrade and evolve into venti-
facts are poorly documented and understood.  This 
abstract addresses this gap in knowledge by interpret-
ing controlled laboratory and field analog studies.  We 
begin with an overview of the methods by which the 
wind tunnel experiments and field studies were done, 
followed by how the resulting data were analyzed and 
interpreted.  A presentation of the results comes next, 
after which the implications for rock abrasion and ven-
tifact formation on Earth and Mars are discussed.  We 
show that initial rock shape and texture play important 
roles in determining both rate and style of abrasion, 
with steep-sided, rough rocks eroding the fastest but 
with intermediate-angled faces exhibiting the greatest 
shape change.  Most rocks tend to evolve toward an 
equilibrium shape whose form is poorly conducive to 
further abrasion.  Most rocks on Mars and in terrestrial 
ventifact localities never reach this mature state, with 
erosion ceasing or slowing down due to exhaustion of 
the sand supply and other factors. 

 
Methods 
Wind Tunnel Experiments 
 To understand better the fundamental factors 
controlling rock abrasion and ventifact morphology, a 
series of experiments were conducted in which targets 
were abraded under controlled conditions.  All ex-
periments used the Mars Surface Wind Tunnel 
(MARSWIT) run by Arizona State University’s De-
partment of Geological Sciences and based at NASA’s 
Ames Research Center, Moffett Field, CA.  

The shapes of the abrasion targets are de-
signed to assess morphological changes as a function 
of geometry.  The front face of each target is angled at 
either 15, 30, 45, 60, or 90°, with three different inci-
dence angles (angle relative to wind as seen from 
above) per model (0°, 45°, and 60°) .   

Not including calibration runs and tests, 96 
experiments at Earth pressure and 6 at Mars pressure 
were completed.  The Earth experiments were run at 
freestream velocities of 11 m s-1, typical speeds at 
which particles are saltated in the terrestrial environ-
ment.  Mars runs were at 35 m s-1, predicted to induce 
saltation in the Martian environment [3,4]. All experi-

ments used sand with a mean size of 550 µm (30 
mesh). During each experiment the sand flux, mass 
loss, and morphological changes of the targets were 
recorded.   In most cases, targets were abraded in three 
runs, with the weight and dimensions noted before and 
after each experiment. 
 
Field Measurements 

As a ground truth calibration, 15 sandstone 
simulant  and foam targets of various shapes and resis-
tances were placed at a ventifact site in the Little 
Cowhole Mountains, Mojave Desert, CA from May 17 
to November 3, 2002. This location is east of Soda 
Lake and north of the Devil's Playground and Kelso 
Dunes.    The targets varied in resistance from soft 
gray foam, intermediate sandstone simulant, and resis-
tant yellow foam. The targets were weighed and their 
dimensions measured before and after placement and a 
weather station at the site recorded average and maxi-
mum instantaneous wind speeds and directions every 
hour.  The targets were mounted on heavy steel plates 
and positioned in height and location near abraded 
rocks.  The sandstone targets were adhered to the 
plates with tacks and the foam targets were secured 
with strapping tape.  Integrated together, these data 
related mass loss and changes in morphological pa-
rameters to time, sand flux, type of target, and wind 
regime.  The orientation of flutes on natural ventifacts 
at the locality, measured in earlier field work by co-
author Laity and T. Boyle, were integrated with these 
results.  As will be shown, these data were compared 
to the wind tunnel results to yield important insights 
into abrasion and ventifact formation on Earth and 
Mars. 
 The weather station at the Little Cowhole 
Mountains is located on the crest of the hill, at the 
highest elevation in the study area.  It is situated so as 
to receive winds blowing from any direction. The 
anemometers are mounted 2 m above the surface.  Sal-
tation is observed when the main weather station regis-
ters a wind speed of 10 m s-1, which is close to the 11 
m s-1 wind speed used in the 1 bar wind tunnel test.  
 
Results 
 Wind Tunnel Experiments 

 Morphological Changes 
Abrasion of sandstone simulant targets in the 

wind tunnel exhibited several interesting aspects that 
are directly relevant to understanding rock abrasion.  
Without exception, the targets became rougher as 
abrasion progressed .  In many cases, subtle fluting 
occurred in the final stages of abrasion of the sand-
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stone simulants for faces subparallel to the wind.  The 
fluting was commonly tied to large matrix grains or 
resistant nodules located upstream within the target.  
Similarly, reduced windflow in the lee of obstacles 
resulted in differential erosion on the foam targets The 
foam targets had mm-sized holes in their front faces 
prior to abrasion, which subsequently enlarged into 
pits about 5 mm in diameter.  In two sandstone ex-
periments, pits and flutes were gauged out of the tar-
gets prior to abrasion.  These enlarged both in width 
and length with time. Visual evidence of slope retreat, 
in which the upper part of the target eroded back far-
ther than the lower part, forming a basal sill, was obvi-
ous in many cases.   

 
Mass Loss 
Some of the most important morphological 

changes are tracked and quantified by plotting the di-
mensional changes and their associations with time. 
Plotting mass loss from the sandstone simulant targets 
vs. sand mass from the hopper shows that mass loss is 
proportional to facet angle, with higher angled surfaces 
exhibiting both a greater amount of abrasion per 
amount of sand and a steeper rate (slope) of abrasion.  
In the limited number of cases where pre-pitted sam-
ples were used, they showed the greatest degree of 
abrasion.   The amount of mass loss generally in-
creased with time, with 65% of experiments having 
targets losing more mass in a given run than in the 
previous run. 

 
Morphometric Changes 
 
The integrated observations are: 1) The tar-

gets whose shape is most perpendicular to the wind 
abrade the most and at the fastest rate, 2) From what 
can be determined within experimental error, there is a 
tendency for shallowing of target front faces of inter-
mediate slope angle (30-60°), with very steep (90°) 
and very shallow (15°) targets more or less maintain-
ing their shape. 

 
Field Experiments 

Morphological Changes 
 Upon returning to the field site after 

six months in November, 2002, 8 of the 15 original 
targets could not be examined because they had be-
come buried by sand, attesting to the dynamic nature 
of the aeolian environment.  Of the remaining 7 tar-
gets, the mixture of strengths and shapes in the field 
site provide assessment of natural wind erosion over a 
six month period.  Not surprisingly, erosion was most 
significant on the soft gray foam targets and least no-
ticeable on the resistant yellow foam.  Maximum ero-
sion on all targets occurred on the south side, as an-
ticipated after a summer season.  Some abrasion also 
occurred on the north slopes of targets at Stations D2 
and H, located on a topographic saddle, as opposed to 
Station C, located on a south-facing slope.  Flutes and 

grooves (lineations), oriented nearly parallel to target 
strike (i.e., close to N-S), developed on the sandstone 
targets and the 45° and 60° gray foam targets. The 90° 
gray foam and sandstone targets developed a thin sill 
of non-eroded material at their base.   
 
 Mass Loss and Morphometric Change 
 Despite the complexities of data interpreta-
tion, several consistent observations emerge: 1) The 
softest targets erode the most, 2) The steepest of the 
sandstone and gray foam targets exhibit the greatest 
angle change, with 90° targets changing their angle 
about 4x as much as 45° targets.  Targets seem to 
evolve toward angle of ~30° given enough time. 3) 
The sandstone targets became rougher, and  4) The 90° 
targets formed basal sills. 

 
Comparison to Wind and Ventifact Data 
Analyzing data from our weather stations for 

the study period of May-November 2002 shows typi-
cal summer weather patterns.  A plot of winds greater 
than 5 m/s exhibits a predominance of southeasterly 
flow, characteristic of the summer season.  By con-
trast, the wind rose plot of winds greater than 10 m/s 
illustrates  a strong bi-directional distribution (NNW-
SSE).  These observations mirror those compiled from 
1993-1998 by co-author Laity and T. Boyle.  The ori-
entation of flutes on the ventifacts also shows a bidi-
rectional character, indicating that higher velocity 
winds are better correlated to abrasion than the inte-
grated energy from lower velocity flow over time. 
Ventifacts along the topographic ridge are abraded on 
both their north- and south-facing sides, the two faces 
separated by a sharp keel.  Rocks on the lower slopes 
show abrasion only on one face.  Local microtopogra-
phy, such as notches or passes, acts to funnel wind 
flow, with ventifact grooves paralleling the notch axis.  

 
Discussion 
 Previous studies have addressed the 
importance of rock shape, texture, hardness (or resis-
tance to abrasion), wind regime, and local environment 
on rock abrasion and ventifact formation.  In this sec-
tion, we integrate the laboratory and field investiga-
tions, folding in these previous and other ongoing 
studies, to provide quantitative assessments of many of 
these factors as well as an improved understanding of 
their inter-relationships and relative importance on 
Earth and Mars.  Many of these factors are complexly 
linked and exert positive or negative feedback effects 
on each other.  For simplicity, we first address each 
factor individually before folding them together into a 
coherent model of rock abrasion and ventifact forma-
tion. 
 
 Initial rock shape 
 Initial rock shape determines the rate of mass 
loss, the rate and style of morphologic change, and the 
rate and style of textural change.  Steep faces erode 
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faster than more shallow faces. Previous experiments 
in which the susceptibility to abrasion (Sa) was meas-
ured [6] found that crystalline igneous rocks (granite, 
rhyolite, and basalt) had Sa values proportional to im-
pact angle in the range of 30° to 90°, in agreement 
with our experiments.  However, Greeley et al.’s re-
sults also show an increase in susceptibility below 30°, 
which we have not observed.  They attribute this to an 
effective cutting and gauging mechanism by shallow 
impacting sand grains.  One explanation for the dis-
crepancy between our and Greeley et al.’s results is 
that the wind tunnel experiments better simulate the 
likely grain motions within a sand cloud and their in-
teraction with a target of a given angle.  Saltating sand 
grains have trajectory angle ranges of approximately 
±10-20° [3,8], with the negative values referring to the 
angle as the grain leaves the surface and the positive 
values the angle as the grain descends.  Particles on the 
ascending part of the saltation path, accounting for 
50% of the sand cloud, will either not hit or at most 
interact tangentially with any slopes in the 15-20° 
range.  It is therefore likely that, when sand cloud mo-
tions are considered and our experimental results 
folded in, that steeper faces erode more rapidly than 
shallow faces. 
 We also observe that intermediate-slopped 
faces tend to exhibit the greatest angle change. As ob-
served by [6], some rock abrasion occurs by cutting 
and gauging of material at shallow impact angles.  In a 
saltation cloud, the upper part of the cloud contains the 
flattest trajectories.  These intersect the upper part of 
rock surfaces at the expense of lower parts, where in-
tersecting trajectories are steeper.  If the rock front 
face is oriented at an oblique angle, cutting and gaug-
ing occurs, resulting in retreat of the upper part of the 
face and shallowing of the face angle.  Very steep 
faces, such as the 90° targets in the abrasion experi-
ments, abrade more or less evenly because the impact 
angles are all in the 70 to 90° range.  Grain trajectories 
intersecting a shallow-sloped rock have impact angles 
that are low regardless of whether the face is in the 
upper or lower part of the saltation cloud, such that 
cutting and gauging occurs across the whole slope.  In 
other words, the intermediate angled faces cause the 
impacting particles to have greater erosion on the up-
per vs. the lower part of the face, resulting in a flatten-
ing of slope angle with time.  The process just de-
scribed also influences the texture and textural change 
with time.  Steep faces to the wind become pitted, 
whereas oblique and shallow faces tend to also get 
grooves and pits which enlarge with time.  As shown 
by our field trials, all of these factors are ameliorated 
by the capriciousness of nature, which can cause burial 
of rocks, changes in wind direction, and other factors 
not seen in the wind tunnel studies. 
 
 Rock Texture 
 The wind tunnel studies provide two forms of 
evidence that rock texture influences the style and rate 

of abrasion.  First, as the targets are abraded, they be-
come rougher and, more often than not, the rate of 
abrasion (mass loss) increases concomitantly.  Second, 
targets with pre-existing pits loose more mass than 
non-pitted samples.  The ability of pits to serve as nu-
cleation sites has been noted by previous workers 
[4,9], but never seen experimentally.  The ability for 
rock texture to influence mass loss is probably due to 
both the increase in surface area as the face becomes 
pitted and possibly recirculation of sand in turbulent 
eddies within pits. 
 
 Rock Hardness 
 It is not surprising that hard  rocks are less 
susceptible to abrasion than soft rocks.  Our work does 
not add to this obvious fact.  However, for a given 
hardness (which will commonly translate into rock 
type), we show that texture and shape are driving fac-
tors in determining the rate and form of abrasion.  
Softer rocks, or hard rocks with soft regions, such as 
conglomerates [10], will be more likely to become 
rough and pitted than homogeneous hard rocks, such 
that the rate of abrasion is probably greater than pre-
dicted on the basis of hardness alone. 
 
 Wind Regime 
 Not surprisingly, rocks, and our wind tunnel 
and field targets, abrade most heavily on windward 
sides.  However, average wind directions regardless of 
velocity correlate poorly to flute trends, with most 
directional ventifact features formed from high veloc-
ity winds.  This is due to two factors: 1) The kinetic 
energy of saltating particles varies with the square of 
the velocity, such that mass losses are non-linearly 
correlated with impact velocity.  2) At speeds below 5-
10 m/s, depending on the surface roughness, which 
determines saltation friction speed, particle saltation is 
not initiated, so there is no sand to induce rock abra-
sion.  Therefore, determining ancient climatic regimes 
on Earth and Mars based on ventifact flute and 
grooves orientations reveals little about average wind 
direction unless the average velocities are great 
enough to induce saltation.  Generally this is not the 
case, so that flutes correlate to the highest winds in a 
given climatic regime. 
 
 Local Surface Environment 
  The final factor is local environment, itself 
composed of a complex set of inter-related parameters 
that cannot be easily simulated in the wind tunnel.  
Field experience shows that the mobile surface layer of 
sand is as much an abrader of rocks as it is a shield for 
further abrasion.  Winds capable of saltating sand onto 
near-surface rocks (in the 10s of centimeters height 
range)  in energy-transferring collisions also act to 
move it en masse to cover these rocks.  Near surface 
rocks on Earth are commonly completely buried by 
sand within a few months.  This process not only 
shields the buried parts of rocks, but also alters the 
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local aerodynamic roughness and the height of ex-
posed rocks above the surface, thereby changing the 
abrasion as a function of position on the rock.  In addi-
tion, local topography acts to funnel and alter wind 
directions, thereby influencing flute and groove orien-
tations.   This is exemplified by our field studies, 
which show abrasion on both sides of targets where 
they are located on a topographic saddle.  Finally, the 
positions of rocks relative to one another, and their 
shape, and height, influence how and where sand 
grains saltate.  For example, very rough surfaces con-
taining many rocks cause saltating grains to bounce 
high into the air, thereby increasing the grain velocity.  
At the same time, a high rock abundance limits the 
sand supply, resulting in less abrasion.  The combined 
effect of these and other factors is difficult to model 
and is imprinted upon the well known factors already 
discussed . 
 
Summary of Integrated Effects and Implications for 
Understanding Rock Abrasion on Mars 
 Prior to any wind modification, a rock’s 
shape and texture is obviously the result of primary 
and other types of modification processes.  Rocks that 
are steep sided and rough are more apt to loose mass 
from abrasion than flatter and smoother rocks.  Inter-
mediate sloped rocks with rough surfaces will tend to 
become fluted and grooved, whereas steep-sided rocks 
should become more pitted, with the size of pre-
existing pits enlarging with time.  Slope retreat and 
basal sill formation should be common.  All of these 
features are indeed seen on terrestrial and Martian ven-
tifacts [11-13].  Erosion, grooving, and slope retreat 
most aptly proceed on faces facing the direction of 
high speed winds, not necessarily the direction of av-
erage winds, unless those winds significantly exceed 
those necessary to induce saltation.  It is expected that 
over time rocks with initially inclines windward facets 
will evolve to slopes of approximately 30° or so, with 
shallower and steeper rocks more or less maintaining 
their shapes.  Many rocks will never reach this state 
because abrasion ceases due to the exhausting of the 
sand supply, rock burial, or changing climatic condi-
tions.   

The field and laboratory studies give insight 
into not only the factors controlling rock abrasion and 
ventifact formation on Earth, but also on Mars.  Al-
though our wind tunnel studies are still ongoing, com-
bining the limited low pressure runs already completed 
with the terrestrial results gives insight into rock abra-
sion processes on Mars.  Fundamentally, there should 
be little difference between the factors controlling rock 
abrasion on the two planets.  The main differences in 
the aeolian environment on Mars compared to Earth is 
the lower atmospheric pressure and gravity, which 
together result in higher saltation friction speeds, 
longer trajectory paths, and flatter trajectory angles 
[3].  This first factor results in more rapid abrasion on 
Mars compared to Earth, as verified in our experiments 

and earlier work by [7].  The second factor probably 
makes little difference.  The third factor results in a 
rock face on Mars being subjected to a greater fraction 
of low angle impacts.  This should cause greater dif-
ferences between the abrasion of steep faces versus 
shallow faces compared to the difference on Earth.  
Another major distinction between Earth and Mars is 
the weather and climate.  Desert regions on Earth 
commonly have several saltation events per year.  On 
Mars, freestream wind speeds sufficient to induce sal-
tation, probably about 30 m s-1,  are rarely reached 
[6,14,15] consistent with the generally old age inferred 
for surface modification [16] and the lack of large 
scale dune motion seen in high resolution images [17-
19].   This probably means that the ventifacts seen on 
Mars either formed gradually over time in widely 
separated abrasion episodes or date from a previous 
era when winds were stronger and abrasion more 
common.  Finally, the Viking and Pathfinder sites 
show that pits on rocks, possibly volcanic vesicles,  are 
more common on Mars than on Earth, indicating that 
abrasion should proceed faster for Martian rocks under 
equivalent conditions.  Future wind tunnel experiments 
at Martian pressures should explore these issues fur-
ther and hopefully answer some of these perplexing 
questions. 
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