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Introduction 
    On Earth, microscopy, field studies, and aerial and 
satellite images provide critical data over the full range 
of scales at which aeolian processes operate and land-
forms are preserved.   On Mars, the small scale fea-
tures have been studied by surface landers and rovers, 
but only over a limited area.  Larger scale landforms 
have been viewed by previous orbiters, but  at a 
coarser scale.  The HiRISE camera on the Mars Re-
connaissance Orbiter bridges the gap between previous 
orbital and surface missions, providing images of fea-
tures of decimeter and meter size over an area of 10s 
of square kilometers, extending our view of the surface 
at a scale previously only available from the ground 
[1].  This provides a perspective similar to that of the 
field geologist anywhere on the Martian surface. We 
discuss here several recent HiRISE discoveries related 
to aeolian geology and processes.  In particular, we 
find that wind is probably forming bedforms in the 
current era.  
 
Observations  
Medusae Fossae Formation 
 The Medusae Fossae Formation (MFF) has been and 
remains one of the most enigmatic geological units on 
Mars [2-6].  It is characterized by wind-sculpted land-
forms, most notably eroded ridges known as yardangs.  
The origin and composition of the Medusae Fossae is 
not known, but candidates include indurated volcanic 
ash [2-4,6] or remnants of dust-ice mixtures [5].  Re-
cent HiRISE analysis of MFF material in Aeolis Men-
sae suggests a genetic relationship with volcanic mate-
rials in the area [7].  The volcanic hypotheses are sup-
ported by the fact that many outcrops of MFF are adja-
cent to the Tharsis and Elysium regions (however, 
other mantling materials elsewhere on Mars are distal 
from known volcanic vents).  Regardless of the source 
of the material, aeolian processes are dominant, with 
airfall being the primary depositional mechanism in 
most models, followed by removal of material by de-
flation and abrasion.  HiRISE images reveal new de-
tails that provide insight and questions on the origin 
and erosion of the Medusae Fossae: 
    1. Competent layers: HiRISE images show distinct 
cliff-forming, and therefore resistant, layers within the 
MFF (Fig. 1).  Layers in the MFF were apparent in 
earlier MOC and even Viking images [6], but their 
characteristics were poorly known.  In HiRISE, many 

of the isolated layers appear segregated into discrete 
blocks, with isolated blocks located at the base of the 
yardangs.  This suggests that the layers are composed 
of either rock or cemented MFF material. Thin resis-
tant layers cut diagonally across the MFF in a few lo-
cales (Fig. 2).  These could be dikes or faults indurated 
by fluids.  In addition to the rock-like layers, more 
subtle banding within other parts of the MFF indicates 
layering of the massive material.  Despite some bed-
ding, the MFF is fairly homogeneous, with no fine-
scale layers or cross-beds evident at HiRISE resolu-
tion.  There are no prominent color variations seen in 
HiRISE’s 3 wavelength bands.   

 
Figure 1: Portion of HiRISE image TRA_000828_1805 of 
the Medusae Fossae Formation (left) and close-up of region 
showing rocky layers and boulders (right).  Image centered 
at 0.5°N, 142.1°E (planetographic).  Image scale is 27 
cm/pixel. 
 

 
Figure 2: Portion of HiRISE image TRA_000865_1905 of 
the Medusae Fossae Formation.  Black arrows show inferred 
wind direction based on yardang orientation.  North is at top.  
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Image centered at 10.2°N, 211.5°E.  Image scale is 25 
cm/pixel. 
 
 
 2. Effects of Wind Direction: Based on yardangs on 
Earth [8], the wind direction that eroded the MFF can 
be estimated from the orientation of blunt to tapered 
ends of positive relief landforms.  HiRISE images 
show that wind direction has varied in space or time. 
Previous evidence for this has only been documented 
at a coarser scale from Viking and MOC images [4,6].  
Separate yardangs sets are found that differ both in 
their orientation and elevation above the surface.  For 
example, in Fig. 2, the upper and lower yardang sets 
have shapes indicative of southeasterly and easterly, 
respectively, wind directions.  These yardang sets are 
separated by cliff-forming layers.   
 
 3. Implications for Origin and Evolution 
     All of these observations complicate simple mod-
els for the origin of the MFF. The images indicate that 
the MFF formed gradually over time through a series 
of episodes forming the stratigraphic layers that are 
today expressed as bands.  This succession was punc-
tuated by episodes of either rock deposition (perhaps 
from lava flows, impact ejecta, or flood deposits) or 
cessation of stratigraphic stacking during which ce-
mentation occurred.  All of these models show that it is 
not an uninterrupted stack of airfall layers.  Following 
deposition, magma intrusion or faulting with possible 
fluid induration dissected parts of the MFF, indicating 
that the material had sufficient strength to propagate 
stresses.  Erosion has occurred by deflation or abrasion 
of the less resistant material beneath the rocky layers, 
resulting in undermining, plucking, and collapse.  The 
rocky layers are also subjected to the wind erosion that 
affects the softer materials of the MFF, but the rate of 
erosion by this mechanism alone is probably low.  The 
different wind orientations indicated by the yardang 
orientation is consistent with either changing wind 
directions over time, in which case the yardangs 
formed some time ago before being uncovered, or they 
are the result of more current winds that are influenced 
by topography. 
 
Current Aeolian Processes 
    HiRISE has not been observing Mars in its primary 
science orbit long enough to see migration of bed-
forms, although this may be possible over the lifetime 
of the MRO mission [1].  However, the position, 
stratigraphic relationships, and characteristics of many 
bedforms points to recent activity. The activity of 
surficial features such as wind streaks is being moni-
tored by HiRISE observations at unprecedented resolu-
tion. 

1. Victoria Crater Wind Streaks 
    HiRISE images taken as recently as November, 
2006 reveal changes in the dark streaks issuing from 
Victoria Crater within the past Martian year. At 25 cm 
per pixel resolution, the dark deposits at the source of 
the streaks can be seen to be made up of dunes and 
drifts of dark sediments collected within the crater 
(HiRISE images TRA_000873_1780, 
PSP_001414_1780, and PSP_001612_1780). The 
MER rover Opportunity is presently examining the 
soils inside and outside of the wind streaks at micro-
scopic scales, finding a greater abundance of dark, 
presumably basaltic, sand within the wind streaks.  
The serrated shape of the crater rim may be due to 
abrasion by windblown sand over time.    
 
2. Dune and Ripple Textures 
    HiRISE reveals up to 3 orders of bedforms with 
increasing resolution (Fig. 3-4). The first order is the 
trend marked by dune or large ripple crests, with the 
successive trends at orthogonal orientations.  It is these 
1st order features for which past attempts have been 
made to estimate bedform migration rates.  For large 
dunes, the migration rates are, at the maximum, just at 
the resolution of MOC [9], so just about a meter per 
Mars year.  In contrast, 1st order granule ripples move 
even more slowly.  For example, sulfate rocks in Me-
ridiani appear to abrade faster than the ripples move 
[10].  Comparison with granule ripples on Earth indi-
cate that those on Mars should move very slowly un-
der current conditions [11].  However, there is some 
evidence for active sand movement from 2nd order 
ripples.  Analysis of both HiRISE and Spirit Pancam 
images in the Columbia Hills, show that these are ori-
ented in the same direction as ventifact abrasion fea-
tures [12] (Fig. 5).  This indicates that the ventifacts 
are younger than the first order ripple trends.  Two 
mechanisms are proposed: 1) Coarse granules em-
placed at the crests of 1st order ripples from saltation-
induced creep tend to anchor the bedforms, possibly 
followed by increases in cohesion, resulting in very 
slow subsequent migration [9].  Particles on the stoss 
and particularly the lee side of the ripples will be 
dominated by sand, which can potentially be saltated if 
friction speeds are great enough, and 2) Near-surface 
winds will be funneled by the 1st order ripple topogra-
phy, constraining sand movement to the orthogonal, 
2nd order direction.   Evidence for 1st order ripples be-
ing older than nearby aeolian features is also seen by 
Opportunity in Meridiani Planum [10,13].  Note that 
elsewhere in Gusev Crater, ripples are more widely 
spaced from ventifacts and do not exhibit this relation-
ship [14].  In cases where 3rd order trends are seen, 
superposition relationships puts their age as younger 
than the 2nd order ripples.  It is unclear if dune and 2nd 
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order ripples are active in all, or even most, cases.  For 
example, prominent 2nd order ripples are seen in polar 
dunes, which some authors consider anchored by ice 
(e.g., PSP_002542_1080) [15]. 
 

 
Figure 3: Portion of HiRISE image PSP_001443_1695 in Melas 
Chasma.  Arrows show direction of dune or ripple brinks (so, 
orthogonal to presumed wind direction), with numbers indicating 
relative scale, with “1” the largest.  Image centered at 10.5°S, 
285.7°E.  
 

 
Figure 4: HiRISE image PSP_001415_1315  of barchan dunes 
within Wirtz Crater.  Yellow box in top frame shows location of 
enlargment at bottom.  Note ripples on the dune stoss slope. 
 

 
Figure 5: HiRISE image of the ripples in the Columbia Hills.  
Spirit traverse is in yellow, with mapped ventifact feature orienta-
tions shown by red arrows.  Inset shows a Pancam image of a 
ventifact flute on a rock.  Note the alignment between ventifact 
features and 2nd order ripple trends. 
 
   In some cases, features identified in MOC as etched 
grooves in lithified dunes [16] are seen as 2nd order 
ripples in HiRISE.   An example is in Herschel Basin 
(PSP_002728_1645), where a 2nd order ripple texture 
is obvious, with no directional trend that would be 
expected for yardangs.   In all of the above examples, 
the spacing of the 2nd and 3rd order trends is on the 
order of their wavelength, such that there is insuffi-
cient area for 4th and higher order bedforms to form. 
 
3. Recent Modification of Fresh Craters and Gullies 
    Several craters on Mars have been identified as only 
4-6 years old [17].  These seem to lack aeolian bed-
forms, although some are too small for discernment of 
fine details [18].  Three out of six have some aeolian 
modification in the form of wind streaks [18].  The 
largest of these craters identified by [17], however, has 
clear ripples in its interior and possible wind tails adja-
cent to ejecta blocks.  Although more recent analyses 
and personal communication with the 1st author of 
[17] indicates that this particular crater may, in fact, be 
older than 4-6 years, it still has a very fresh appear-
ance.  It and many other decameter-scale craters on 
Mars  appear very young because they have abundant 
boulders and crisp rims.  These craters also have rip-
ples.  These observations indicate very recent aeolian 
redistribution of sand and granules.  The association 
with the young craters points to the source material 
being fine-grained ejecta.  This is consistent with ob-
servations of somewhat older craters at the MER sites 
[19]. 
    Ripples are also seen abutting the walls and intrud-
ing into some gulley channels on Russell Crater 
(PSP_001440_1255).  The gullies themselves appear 
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fairly young and, where ripples are seen within the 
channels, the channel walls are more degraded com-
pared with other channels without ripples.  This indi-
cates that aeolian modification of the channels is fairly 
rapid, but that some gullies are even younger.  
 
4. Bedforms At High Elevations 
    Images of the low thermal inertia mantle that covers 
Arsia Mons show abundant aeolian bedforms that look 
like star dunes or ripples formed from multidirectional 
winds [Fig. 6].  Their origin is a mystery, given that 
atmospheric pressure is about 1 mb and that the mate-
rial composing the mantle is inferred as dust.  It may 
be that these features formed when the Martian atmos-
phere was thicker, perhaps during higher obliquity 
which could have increased aeolian activity and low-
ered friction speeds [20].  It is also likely that that our 
understanding of the aeolian physics under such condi-
tions is immature. 
 

 
Figure 6: Portion of HiRISE image PSP_002157_1715 at 
the summit of Arsia Mons.  Bedforms interpreted as star 
dunes or ripples dominate the scene.   
 
Concluding Remarks 
    Mars, a planet whose geology is influenced by ae-
olian processes much more so than on Earth, and, it 
might be argued, is dominated by them, is revealed at 
decimeter resolution to have a complex history and 
recent activity level. Sand and maybe granules are 
moving today, provided there is a fresh source, such as 
within young craters and gullies.  It seems that decime-
ter to meter scale ripples can form quickly if condi-
tions are right.  Evidence from HiRISE and MER 
shows that 1st order ripples are fairly immobile, but 
sand transported in orthogonal directions forms 2nd 
order ripples and ventifacts.  The presence of bedforms 
in high altitude, low thermal inertia material, as well as 
other observations presented here, seem to confound 
current models of aeolian physics on Mars. 
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