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Introduction:  Small-spacing bedforms of specific 

morphologies drape a significant proportion of the sur-
face in Tharsis [1-3] (Fig. 1). Several lines of evidence 
suggest saltation of sand-size particles as the mode of 
their origin [1-3]. Since saltation is a threshold process, 
the bedforms record only the most recent occurrences 
of winds that exceed the threshold, which depends on 
the atmospheric pressure [4], and hence on elevation. 
The inferred wind direction on the Tharsisvolcano 
flanks is predominantly downslope, which is consistent 
with night-time katabatic winds being the strongest [5]. 
Here we try to decipher the history of changes of salta-
tion regime in Tharsis in the recent geological history 
of Mars. 

Some small craters form distinctive clusters (Fig. 
1). This happens due to meteoroid breakup and frag-
ment separation in the atmosphere [6]. The chance of 
breakup and hence the proportion of clusters is gener-
ally higher, if the atmospheric layer is thicker, that is 
the pressure is higher. Significant (in comparison to the 
atmospheric scale height) elevation variations in Thar-
sis allow us to check these predictions. On the other 
hand, analysis of clusters can give some information 
about surface pressure in the past. 

Observations: The small-scale aeolian bedforms in 
Tharsis are distinguishable only in HiRISE images. We 
systematically study a large subset of available HiRISE 
images in the region, select ~35 images with well-
expressed typical aeolian bedforms, and map all 
D > 3 m impact craters superposed over the bedforms 
and thus postdating the most recent saltation episodes. 
Each cluster of craters corresponds to a single impact 
event and is represented by an "equivalent" crater of 
some equivalent position and size Deff 

 

If all pre-existing craters were erased by saltation, 
and then saltation ceased, we would observe "accumu-
lational" population of impact craters. Craters in such 
populations (1) do not show morphological signs of 
prominent degradation; (2) their size-frequency distri-
bution is steep and identical to that of newly forming 
craters; (3) their spatial distribution is indistinguishable 

form random [6,7]. We exclude a few images with cra-
ter populations that obviously does not match these 
criteria (we, however, keep populations with minor 
signs of degradation in crater morphology). We find 
that in many images, populations of craters are consis-
tent with crater accumulation. In these cases, the spatial 
density of craters can be used as a proxy for the age of 
the most recent saltation episode. To avoid biases we 
select only craters of Deff > 5 m, and use their density 
N(5m) as a measure of relative age. 

Absolute ages derived from N(5m) are inherently 
poorly constrained: the cratering rate might change 
significantly at time scales of ~105 years; due to atom-
spheric effects it may slightly depend on elevation; 
crater size could be affected by target material. The 
martian absolute cratering rates can be estimated either 
through recalculation of the long-term lunar rate [9] or 
through observations of the present-day impacts 
[10,11]. The discrepancy is about a factor of 4. Taking 
all uncertainties into account, it is safe to assume that 
the rate of formation of Deff > 5 m craters is bracketed 
between 2.5 and 25 km-2Ma-1. In other words, 
N(5m) = 1 km-2 corresponds to an age between 0.4 Ma 
and 40 ka. As a "nominal" rate, we use 4.36 km-2Ma-1, 
so that N(5m) = 1 km-2 corresponds to 0.23 Ma. 

Inferences: Current wind regime. In many areas in 
Tharsis we see populations of pristine craters super-
posed over the aeolian bedforms. This means that ac-
tive saltation does not occur in the present epoch.  

Active saltation does occur within the dark collar of 
Pavonis Mons, which is darker than any surface within 
Tharsis. The contrast of the dark collar changes sea-
sonally. Apparently, inactive surfaces in Tharsis are 
covered with bright fine dust, which is continuously 
deposited from the atmosphere. Seasonal saltation 
within the collar removes the fresh dust veneers and 
exposes darker bedform-forming material. HiRISE 
image PSP_009646_1795 clearly shows the absence of 
small superposed craters within the collar, and rather 
dense (N(5m) = 1.5 km-2) population of pristine super-
posed craters above the collar. In the uppermost 1 – 2 
km of the dark collar, we see several highly degraded 
craters. This indicates that the upper edge of this active 
saltation collar is shifting upslope in the present epoch. 

In addition to the Pavonis dark collar, superposed 
craters are absent in a few more HiRISE images at in-
termediate elevations on Olympus, Arsia and Ascraeus 
Montes. It is possible that these volcanoes posses the 
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active saltation collars similar to Pavonis, but with less 
prominent albedo expression. It is also possible that 
saltation there has ceased recently (N(5m) < 0.1 km-2) 
or it occurs not every year. Significant historical albedo 
changes on Arsia [12] favor the latter interpretation. 

Past episodes of stronger winds. We do not observe 
dense populations of the small superposed craters in 
any HiRISE image with aeolian bedforms. This means 
that some time ago winds exceeded the saltation 
threshold everywhere in Tharsis. The highest measured 
crater density in our survey is N(5m)=2.2 in the north-
ern part of Pavonis Mons caldera, which correspond to 
the "nominal" absolute age of 0.5 Ma (90 ka – 0.9 Ma 
admissible range). Thus, it is quite possible that the 
latest pervasive saltation in Tharsis was associated with 
one of the most recent spin axis obliquity peaks (0.38 
Ma or 0.51 Ma or 0.63 Ma ago). Fig. 2a shows the 
obliquity history; the time axis is aligned with N(5m) 
axis assuming the "nominal" cratering rate. 

N(5m) differs significantly between images: the ob-
served populations certainly record different strong 
wind episodes. The minimal number of windy episodes 
consistent with formal statistical uncertainties is 5. At 
least 2 windy episodes are needed to explain low crater 
densities N(5) = 0.08 – 0.8 km-2 observed through 
Olymus Mons. The absolute ages there are younger 
than 0.2 Ma, which means that the windy episodes oc-
curred well after the latest obliquity peak 0.38 Ma ago. 
Thus, these windy episodes might be related to rare 
episodes of severe weather (e.g., exceptional dust 
storms), different seasons of perihelion, changes of 
sufrace albedo in or around Tharsis due to changes of 
dust coverage, episodes of higher atmospheric pres-
sure. The latter is unlikely, because the observed acces-
sible solid CO2 reservoir (the Southern residual polar 
cap, aka Swiss Cheese terrain) is too small to be re-
sponsible for significant pressure changes. 

We do observe a group of crater densities about 
N(5m) = 1.7 km-2 (~0.4 Ma "nominal" age). Such den-
sities are observed in 3 HiRISE images widely scat-
tered on NW lower flank of Arsia Mons, in the region 
of extinct glaciers, as well as in one location on 
Pavonis Mons. The most recent obliquity peak is a 
possible candidate for the latest saltation episode in 
these terrains, but other options are not excluded. 

Lower atmospheric pressure in the past? We try to 
use the proportion of clusters in the superposed crater 
population to assess the atmospheric pressure in the 
past. To reduce formal statistical uncertainties, we 
combine several images located at similar elevations 
and having statistically indistinguishable N(5m). The 
obtained 6 data points are shown in Fig. 2b, where the 
mean elevation is plotted against N(5m) or the "nomi-
nal" age, and the size of each circle is proportional to 
the percentage of the clusters in the population; the 

latter varies between ~20% for Pavonis above the col-
lar and ~65% for Olympus just above the scarps. If we 
consider the younger populations (Olympus) and the 
older ones (Pavonis and Arsia) separately, we clearly 
see the elevational trend: the lower the elevation, the 
higher the percentage of clusters. This proves our sug-
gestions that the percentage of clusters is sensitive to 
the atmospheric pressure.  
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If we compare younger and older populations with 
each other, we see that the older populations have sys-
tematically lower cluster percentage than the younger 
ones, if interpolated to the same elevation. This sug-
gests a lower atmospheric pressure in the past. Possible 
physical interpretation of this can be prolonged atmos-
pheric collapse [13,14] associated with the most recent 
periods of low obliquity.  
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