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Introduction: On the Earth, the most reliable
record of climate in the geological past comes from
analysis of materials with modern highly advanced
geochemical methods. Martian materials available
for such studies are limited to a few poorly pre-
served samples with poorly understood provenance
(martian meteorites). On the other hand, on Mars,
the surface morphology preservation is much better
than on the Earth, which enables its use as a geolog-
ical record of climate change.

Here we focus on one small piece of evidence
that comes from morphological observations: we
analyze aeolian bedforms in Tharsis Montes, the
four great volcanoes on Mars.

Observations:

Aeolian bedforms in Tharsis Montes were de-
scribed in detail by Bridges et al. [2007, 2010]. The
small-spacing bedforms of specific morphology
drape a significant proportion of the surface in
Tharsis. Fig. 1 shows an example of such bedforms
at Olympus Mons summit, close to the highest point
on Mars. Details of their morphology and the de-
pendence of spacing on elevation [Lorenz et al.,
2013] suggest formation via saltation of sand-size
particles. Those particles have been hypothesized to
be aggregates of finer dust particles [Bridges et al.,
2010], which would allow saltation under low at-
mospheric pressure at high elevations.

Saltation is a threshold process: it does not occur
at all, when the wind speed is below the saltation
threshold, and moves material very effectively, when
the wind speed exceeds the threshold. Thus, the
bedforms record only the most recent occurrences of
winds that exceed the threshold. The threshold wind
speed is higher for lower atmospheric pressure and
hence, for higher elevation [Greeley and Iversen,
1985]. As noted by Bridges et al. [2010], the inferred
wind direction on the volcano flanks is predominant-
ly downslope, which is consistent with night-time
katabatic winds [e.g., Spiga et al., 2011] being the
strongest.

The small-scale aeolian bedforms in Tharsis are
well distinguishable only in HiRISE images; other
orbital images have insufficient resolution. We sys-
tematically studied a large subset of available
HiRISE images in the region, selected those with
well-expressed typical small-scale aeolian bedforms
and quantitatively studied small (3 — 15 m) impact
craters superposed over the bedforms (Fig. 1) and
thus postdating the most recent saltation episodes.

Clusters of small craters. Some small craters
form distinctive clusters (Fig. 1). This happens due
to meteoroid breakup and fragment separation in the
atmosphere [Ivanov et al., 2008]. The chance of
breakup and the separation distance are generally
higher, if the atmospheric layer is thicker, that is the
surface pressure is higher. Thus, we would expect
larger clusters and a higher percentage of impacts
forming crater clusters rather than single craters at
lower surface elevations, all other conditions being
the same. Significant (in comparison to the atmos-
pheric scale height) elevation variations in Tharsis
allow us to check these predictions. On the other
hand, if the atmospheric pressure were higher (low-
er) in the past, we would expect larger (smaller) and
more (less) abundant clusters for older crater popula-
tions. Thus, analysis of clusters can give some in-
formation about surface pressure in the past. Here
we report our results from analysis of cluster per-
centage. Analysis of cluster size is in progress.

Populations of small craters. All fresh craters
larger than 3 m superposed over the aeolian
bedforms can be reliably identified in the images,
and sizes of craters larger than 4 m can be reliably
measured. We performed systematic search for small
craters in several (about 35) HiRISE images in
Tharsis and analysis of their populations [Baskakova
et al. 2013]. Technical details of this survey and data
analysis will be published elsewhere.

If all pre-existing craters were erased by salta-
tion, and then saltation ceased, we would observe
"accumulational”" population of impact craters. Cra-
ters in such populations (1) do not show morpholog-
ical signs of prominent degradation; (2) their size-
frequency distribution is steep and identical to that
of newly forming craters; (3) their spatial distribu-
tion is indistinguishable form random. (For these
criteria, each cluster of craters is considered as a
single crater of some equivalent position and size).
We excluded images with crater populations that
obviously did not match these criteria (we, however,
kept populations with minor signs of degradation in
crater morphology). We found that in a number of



images, populations of craters are consistent with
crater accumulation. In these cases, the spatial densi-
ty of craters can be used as a proxy for the age of the
most recent saltation episode, taken statistical uncer-
tainty into account. To avoid some biases we used
only craters larger than 5 m for this, and use their
density N(5m) as a measure of relative age.

Absolute ages derived from N(5m) are inherently
poorly constrained. It is possible that cratering rate is
not constant and changes significantly at time scales
of ~10° years. Because of deceleration and breakup
of the meteoroids in the atmosphere, the rate may
slightly depend on elevation. The same meteoroid
may make a larger crater in the soft sand in compari-
son to typical rocks, which can significantly change
effective cratering rate for craters of given size.

The martian absolute cratering rates can be esti-
mated in two principally different ways. One is re-
calculation of the long-term lunar cratering rate
[Ivanov, 2001], the other is observations of the pre-
sent-day impacts [Daubar et al., 2013]. The later
estimation gives only a lower boundary of the crater-
ing rate, which turned out an order of magnitude
lower, than the result of [Ivanov, 2001]. Taking all
uncertainties into account, it is reasonable to assume
that the rate of formation of craters larger than 5 m
in Tharsis is bracketed between 2.5 and 25 km>Ma.
In other words, crater density of N(5m)=1 km™ cor-
responds to an age bracketed between 0.4 Ma and 40
ka. As a "nominal" rate, we use 4.36 km>Ma™, so
that N(5m)=1 km™ corresponds to 0.23 Ma. This
"nominal" rate comes from an assumption that the
age of Zunil impact is the same as the ejection age of
of martian meteorite EETA79001, 0.75 Ma, without
any corrections for elevation and target material.

Inferences:

Current wind regime. In many areas in Tharsis
we see populations of pristine craters superposed
over the aeolian bedforms. This means that saltation
does not occur in the present epoch and the wind
speed does not exceed the saltation threshold.

Active saltation does occur within the dark collar
of Pavonis Mons (seen in MOC WA mosaic in Fig.
2). Tharsis in general is bright (has high albedo in
the visible). The dark collar (Fig. 2) is still signifi-
cantly brighter than dark martian terrains (like Syrtis
Major), but it 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. 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™) population of pristine su-
perposed craters above the collar. In the uppermost 1
— 2 km of the dark collar, we see several highly de-
graded 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
intermediate elevations on Olympus, Arsia and
Ascraeus Montes. It is possible that these volcanoes
posses the 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™) or it occurs not every year. Sig-
nificant albedo changes on Arsia reported by
Veverka et al. [1977] favor the latter interpretation.

There is a great variety of low-contrast albedo
markings in Tharsis (see Fig. 2). Most of them are
not associated with active saltation (have pristine
craters superposed over the acolian bedforms).

Direct quantitative comparison of the wind speed
predicted by circulation models with the observa-
tions of the saltation threshold is difficult, because
the latter is poorly known, and because the models
do not adequately capture the details of the boundary
layer wind profiles. The lucky fact that the present-
day winds exceed saltation threshold only in the nar-
row collar(s) gives the possibility to calibrate the
saltation threshold in terms of modeled wind speed
and then compare the models for slightly different
climate conditions with the observations.

Past episodes of stronger winds. We do not ob-
serve 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 high-
est measured crater density in our survey is
N(5m)=2.2 in the northern 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. 3a shows the recent
obliquity variations; time axis is aligned with N(5m)
axis assuming the "nominal" cratering rate. Note,



that this plot can be significantly stretched or short-
ened in the horizontal direction in comparison to the
the N(5m) axis of Fig. 3b.

For images with accumulational populations of
craters, the measured crater densities differ signifi-
cantly. The observed populations certainly do not
record the same latest strong wind episode. The ab-
solute number of craters within each image is not
large (from a few craters to a hundred), and associat-
ed formal statistical uncertainty in N(5) is high.
Thus, it is impossible to distinguish, if there were a
few distinctive wind maxima, or there were only a
few distinctive strong wind episodes.

For images surveyed so far, the minimal number
of windy episodes consistent with formal statistical
uncertainties is 4. At least 2 windy episodes are
needed to explain the span of crater densities N(5) =
0.08 — 0.8 km? young ages observed through
Olymus Mons. Since for these low densities the sta-
tistical uncertainties are large, it is impossible to
suspect any specific age consistency between differ-
ent images. Anyway, the inferred absolute ages are
younger than 0.2 Ma, which means that the windy
episodes occurred 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., ex-
ceptional dust storms), different seasons of periheli-
on, changes of sufrace albedo in or around Tharsis
due to changes of dust coverage, episodes of higher
atmospheric pressure. The latter is unlikely, because
the observed accessible solid CO, reservoir (the
Southern residual polar cap, aka Swiss Cheese ter-
rain) is too small to be responsible for significant
pressure changes.

We do observe a group of crater densities about
N(5) = 1.7 km™? (~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 re-
gion of extinct glaciers, as well as in one locations
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.

Coverage of Tharsis with HiRISE images is too
sparse, and no meaningful maps of crater densities /
ages can be produced. In addition to mentioned very
sparse or absent craters in the collars, we see that the
calderas tend to have higher crater densities than the
surrounding summit areas.

Lower atmospheric pressure in the past? The
proportion of clusters in the superposed crater popu-
lation that we try to use for analysis of atmospheric
pressure has very high formal statistical uncertain-
ties. To reduce them, we combined several images
located at similar elevations and having statistically
indistinguishable crater densities and thus similar
ages. The obtained 6 data points are shown in
Fig. 3b, where the mean elevation is plotted against
the mean crater density, and the diameter of each
circle is proportional to the percentage of the clusters

in the population; the latter varies between ~20% for
Pavonis above the collar and ~65% for Olympus just
above the scarps. If we consider the younger popula-
tions (Olympus) and the older ones (Pavonis and
Arsia) separately, we clearly see the elevational
trend: the lower the elevation, the higher the per-
centage of clusters. This proves our suggestions that
the percentage of clusters is sensitive to the atmos-
pheric pressure.
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If we compare younger and older populations
with each other, we see that the older populations
have systematically lower cluster percentage than the
younger ones, if interpolated to the same elevation.
This suggests a lower atmospheric pressure in the
past. Possible physical interpretation of this can be
prolonged atmospheric collapse [e.g., Kieffer &
Zent, 1992] associated with the most recent periods
of low obliquity.

This conclusion about a lower atmospheric pres-
sure in the recent past is not reliable: the observed
trend in proportion of clusters can have other expla-
nations, e.g., changes of the meteoroid populations.
Despite our precautions, we also cannot exclude an
observational bias in identification of clusters in
sparser and denser populations.

Conclusions. The presented results on the max-
imum winds exceeding the saltation threshold can be
effectively compared against mesoscale models of
present and recent climate on Mars.



References.

Baskakova, M. A. et al. [2013] Aeolian Bedforms in
Tharsis, Mars: New Insight from Populations of
Small Craters, LPSC 44, 1104.

Bridges, N. et al. [2007] Windy Mars: A dynamic
planet as seen by the HiRISE camera, GRL 34,
L23205.

Bridges, N. et al. [2010] Aeolian bedforms,
yardangs, and indurated surfaces in the Tharsis
Montes as seen by the HiRISE Camera: Evidence
for dust aggregates, Icarus 205, 165-182.

Daubar, I. J. et al. [2013] The current martian crater-
ing rate, Icarus 225, 506-516.

Greeley, R. & Iversen, J [1985] Wind as a geologi-
cal process. Cambridge Univ. Press.

Ivanov, B. A. [2001] Mars/Moon Cratering Rate
Ratio Estimates, Space Sci. Rev. 96, 8§7-104.

Ivanov, B. A. et al. [2008] Small Impact Crater Clus-
ters in High Resolution HiRISE Images, LPSC 39,
1221.

Kieffer, H. H. and A. P. Zent [1992] Quasi-periodic
climate change on Mars, In: Mars, 1180-1218.

Lorenz R. et al. [2013] Elevation dependence of
Bedform Wavelength on Tharsis Montes, Mars:
Atmospheric Density as a Controlling Parameter,
Icarus, doi: 10.1016/j.icarus.2013.10.026.

Spiga, A. et al. [2011] The impact of martian
mesoscale winds on surface temperature and on
the determination of thermal inertia, lcarus 212,
504-519.

Veverka, J. et al. [1977] A study of variable features
on Mars during the Viking primary mission, JGR
82,4167-4187.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


