CHAPTER III: AEOLIAN PROCESSES ON MARS
Ralph A. Bagnold, who is considered to be the pioneer of the study of aeolian processes,
first described the basic principles of aeolian transport in detail [Bagnold, 1954]. Greeley
and Iversen (1985) and Pye and Tsoar (1990) updated and reviewed the subject, with the
former additionally addressing the conditions on Mars.

Greeley et al. (1982) defined two principal requirements for aeolian processes to occur:
first, presence of loose particles, and second, winds of sufficient strength to move them.
The basic physics of windblown sand on Mars differs from that on Earth because of the
different geophysical and atmospheric conditions. Elementary differences include lower
atmospheric pressure and density as well as lower gravitational effects. The following
chapter will introduce the theoretical background of aeolian grain movements on Mars
and explain the conditions for the buildup of dunes and the underlying processes.
Furthermore, it will provide a survey of aeolian bed forms on Mars and Earth.

3.1 The Physics of Particle Motion
Based on wind tunnel studies and field observations, Bagnold (1954) characterised three
modes of particle movement by wind, depending on particle size and wind velocity:
suspension (very small particles, mostly silt and clay), saltation (mostly sand grain-sized
particles) and creep or surface traction (particles rolling, sliding and pushing along the
surface [e.g. Bagnold, 1954; Greeley and Iversen, 1985; Pye and Tsoar, 1990; Greeley et al.,
2001].
The points of transition between these three modes of transport depend on terminal speed
(uf) and threshold friction speed (u*t). The forces controlling a spherical particle falling
through the air are aerodynamic drag, which keeps the particle aloft, and the particle’s
weight, which pulls it downward [Greeley and Iversen, 1985; Edgett and Christensen,
1991]. The acceleration of a particle dropped from rest will progress until the drag force is
equal to the particle’s weight. At this point, the particle has reached its terminal speed or
terminal fall velocity, which Edgett and Christensen (1991) give as

⎛ 4 ρ gD ⎞
u f = ⎜⎜ p p ⎟⎟
⎝ 3ρ aCd ⎠

0. 5

(1)

where ρp is particle density, g is gravitational acceleration, Dp is the particle diameter, ρa is
atmospheric density, and Cd is the drag-off coefficient, which is a function of the Reynolds
number ufDp/v. This dimensionless number describes the ratio of inertial to viscous forces
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in a fluid flow, where v is the kinematic viscosity of the air [Greeley and Iversen, 1985;
Edgett and Christensen, 1991]. Considering a sand grain at rest on a flat bed of loose grains
under wind flow conditions, the forces of aerodynamic drag (Fd acting horizontally in the
direction of motion), aerodynamic lift (Fl acting vertically upwards), and the particle’s
weight (Fg acting opposite to the lift force) are associated with interparticle forces (Fip).
The latter include electrostatic cohesion between neighbouring grains as well as adhesive
forces (particularly in the case of very fine grains) acting between grains and other
surfaces [Iversen et al., 1976b; Pye and Tsoar, 1990; Edgett and Christensen, 1991; Greeley
et al., 1992]. An illustration of these forces is presented in Fig. 6.

Figure 6: Sketch showing the primary forces
acting on a spherical particle under aeolian
conditions.

Consider now a slowly increasing wind velocity over a loose sandy surface. A sand grain
will be lifted into the air when the aerodynamic lift force becomes paramount, i.e. when
the terminal fall velocity of a particle is overcome by the upward current [Bagnold, 1954].
At this critical point the surface friction speed (u*, or drag velocity) reaches its minimum
value allowing particles to be raised by the lift force. This threshold velocity is called
threshold friction speed (u*t). It is a function of the shear stress τ (see Fig. 7) of the wind
and depends on particle size and density (see Fig. 3), the density and viscosity of the
atmosphere, and the acceleration of gravity on Mars [Moore, 1985]. The surface friction
speed is directly proportional to the rate of wind-velocity increase with the log height
above the surface [Bagnold, 1954; Edgett and Christensen, 1991]. It is equal to the square
root of the ratio of shear stress (τ) to atmospheric density (ρa), given by

u* =

τ
ρa

(2)

[Bagnold, 1954; Pye and Tsoar, 1990; Edgett and Christensen, 1991]
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[as ρa]

It must be noted that the surface friction speed is not a true wind velocity but a measure
of the vertical component of the turbulent speed near the surface [Greeley and Iversen,
1985]. The mode of transport depends now on the proportion of the forces relative to each
other. Upward sand grain transport by suspension begins when the terminal speed is
lower than the friction speed (uf < u*). The trajectory of these fine particles can reach
heights of several kilometres. Transport by saltation occurs when the terminal speed is
much larger than the friction speed (uf >> u*). Under these conditions the trajectory of
these mostly sand grain-sized particles is unaffected by turbulence, the path is lower and
smoother and only reaches heights between a few centimetres and one meter [Parteli,
2001]. Transport by creep affects larger particles, which are too heavy to be transported by
wind but can still be rolled or pushed along by the impact of grains due to the exchange of
momentum. A detailed description of these processes is given in Fig. 7.

[u ]
*
Figure 7: Diagram showing the three principal modes of aeolian grain transport (adapted from Greeley &
Iversen (1985)).
On the left hand is a typical wind velocity profile above the surface through the boundary layer. Friction
2

along the surface generates shear stress (τ = u ρa) which lifts particles into the atmosphere (A). The lifted

*

particle is carried downwind back to the surface, from which it bounces (B) back into flight. This motion is
called saltation. Particles hitting rocks, such as grains, (C) will elastically rebound into relatively high
saltation trajectories. Furthermore, the rock at (C) might be eroded by the impact of the grain. The grain at
(D) impinges on other grains at the surface, causing them to saltate. At point (E), a grain strikes some very
fine particles at the surface which, due to cohesion, are too fine to be moved by wind alone at the assumed
wind speed. These fine particles are dispersed in the atmosphere and carried in suspension by turbulences.
At (F), a saltating grain strikes a larger grain at the surface and pushes it downwind for a short distance.
This mode is called creep or surface traction. It was found that suspension and creep are often initiated or
enhanced by saltation impact.
[Greeley and Iversen, 1985; Greeley et al., 1992; Greeley et al., 2001]

Bagnold (1954) observed in his wind tunnel experiments that the first movement of a
grain before it passes into one of the other modes of transport is rolling. Iversen et al.
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(1976b) predicted average threshold friction velocities for Mars as a function of particle
size. They were followed by Iversen and White (1982), who estimated these threshold
speeds for the conditions given on Earth, Mars, and Venus using different combinations of
particle and gas densities. The results for Mars and Earth are shown in Fig. 8.

Figure 8: Average threshold friction speeds (u t) for Earth and Mars for particles of different sizes

*

[Edgett and Christensen (1991); adapted from Iversen and White (1982)].
The discrepancies between Mars and Earth result from differences in atmospheric density and gravity.
Particle density in either case is 2.65 g/cm3, Martian atmospheric density (ρM) is 1.10 x 10-5 g/cm3, terrestrial
atmospheric density (ρE) is 1.23 x 10-3 g/cm3, Mars atmosphere kinematic viscosity (νM) is 11.19 cm2/s, Earth
atmosphere kinematic viscosity (νE) is 0.146 cm2/s, Mars gravitational acceleration (gM) is 375 cm/s2, Earth
gravitational acceleration (gE) is 981 cm/s2. The optimum particle sizes for saltation are indicated (75 μm for
Earth and 115 μm for Mars).

Due to the lower atmospheric pressure and density on Mars, threshold friction velocities
are 10 times higher than on Earth [Greeley et al., 1980; Edgett and Christensen, 1991].
This means that higher wind speeds are required to move similar-sized grains on Mars
than on Earth. Fig. 8 shows that the minimum threshold friction velocity needed to move
grains of a size of 75 μm is about 0.2 m/s on Earth. On Mars, the minimum threshold
friction velocity is about 2.2 m/s and the most easily moveable grain size is 115 μm. Based
on the particle threshold curve in Fig. 9, Greeley et al. (1980) converted the friction
velocity for sand grains of ~100 μm into an effective wind speed of 25-30 m/s under
present Martian atmospheric conditions. Similar but slightly higher wind speeds were
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calculated by Sullivan et al. (2005), who arrived at a wind speed u of ~45 m/s at 1m above
the surface for a threshold friction velocity of 2.0 m/s. Moore (1985) reported on wind
speeds of about 40 to 50 m/s at 1.6 m above the surface with corresponding friction speeds
of 2.2-4.0 m/s during the Martian dust storm on Sol 1742, measured by the Viking
Lander 1.
The cohesive effects of interparticle forces are responsible for the higher threshold
velocities of smaller particles, whereas larger particles need higher friction velocities
because of their greater weight (see Fig. 8 and 9) [Iversen et al., 1976b; Greeley et al.,
1980; Iversen and White, 1982; Edgett and Christensen, 1991]. Note the influence of
surface roughness on friction speed and the resultant effective wind speeds displayed as
scale bars for different surface types in Fig. 9. The higher the surface roughness, the
weaker the winds required to reach the friction speed needed for particle motion. Note
also that temperature and air pressure affect the friction at the surface. The diagram shows
the required friction speeds for four different air pressure values and various temperatures
in order to account for this influence. For example, at a pressure of 5 mb at 150 K, a lower
wind speed is required than at a higher temperature at the same pressure.

Figure 9: Particle threshold curve as a function of particle size for representative Martian surface pressures
and temperatures [Greeley et al., 1980].
Case 1: free stream velocity above boundary layer for winds blowing over a flat surface of erodable grains:
Case 2: surface with cobbles and small boulders.

The transition from saltation to suspension is not a sharp boundary. It depends on a
critical value of the grain diameter, which in turn depends on the relationship of terminal
velocity (uf) to threshold friction speed (u*t) [Parteli and Herrmann, 2007]. Iversen et al.
(1976a) placed this transition at the point where the ratio of terminal velocity to threshold
friction speed (uf /u*t ) is 1.0. Fig. 10 illustrates these boundaries for Earth and Mars,
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respectively. The particle diameters corresponding to this ratio are about 210 μm for Mars
and about 52 μm for Earth [Iversen et al., 1976a; Greeley and Iversen, 1985; Edgett and
Christensen, 1991]. In a thinner atmosphere, the greater initial grain velocity coupled
with the lower gravity causes the grains' saltation path to lengthen. Thus, the path lengths
of grains of up to 210 μm begin to approach infinity [Edgett, 2002]. Edgett and
Christensen (1994) showed that particles ranging from ~50 μm to ~210 μm may be subject
to short-term suspension at friction velocities.

Figure 10: Ratio of terminal speed (uf) to threshold friction speed (u*t) as a function of particle size for Earth
and Mars [Edgett and Christensen, 1991].

It is, therefore, clear that because of the higher surface friction velocities needed to move
particles at low atmospheric pressures and a lower gravity, larger grains can become
suspended on Mars than on Earth. This also suggests that Martian dunes may be
significantly coarser-grained than terrestrial ones. Edgett and Christensen (1991)
suggested – and proved - that the average grain size in Martian dunes is in the medium to
coarse range. In comparison, the average grain size of terrestrial dunes is in the fine to
medium sand range. Although it takes stronger winds to saltate particles on Mars and the
saltating particles are coarser-grained than on Earth, trajectories are longer and flatter,
varying with temperature and atmospheric conditions [White, 1979; Iversen and White,
1982; Greeley et al., 1999; Fenton et al., 2005] Increasing temperatures curtail the height
and length of a trajectory path [White, 1979]. Average saltation trajectories for Martian
particles are about 1 m long and 10 to 20 cm high [Greeley et al., 1992]. Hartmann (2003)
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specified the trajectory path for particles of 1000 μm grain size and average Martian wind
speeds of 5.3 m/s to be up to 1 m high and 3 to 10 m downwind. However, a critical point
is that the higher friction velocities needed to move grains call, of course, for
correspondingly higher effective wind velocities. Under the present atmospheric
conditions of Mars, these wind speeds must be 10 times higher than on Earth [Greeley et
al., 1980]. Such wind velocities are very rare on Mars, mostly occurring only during dust
storm events [Sullivan et al., 2005]. Wind gusts of a local dust storm on Sol 423, measured
by the meteorological sensors of a Viking Lander, reached velocities of 25-30 m/s at 1.6 m
above the surface [Greeley et al., 1980; Moore, 1985; Hartmann, 2003]. Greeley et al.
(1980) estimated that the wind would have to exceed even these high velocities to cause
saltation. In addition, Ryan and Sharman (1981) reported that this dust storm caused little
or no erosion of the surface materials. So far, substantial erosion and modification of
topography was reported only for the dust storm on Sol 1742 measured at the Viking
Lander 1 site [Moore, 1985]. Thus, researchers suppose that the bulk of the Martian dunes
were built up a long time ago when the density of the Martian atmosphere was higher
[Breed et al., 1979]. Under present conditions, dune movement is very slow, with most of
it probably occurring during dust storms. This is consistent with observations that a
proportion of Martian dunes seem to be immobile (at least seasonally) and did not change
over several Martian years of observation [e.g. Breed et al., 1979; Zimbelman, 2000; Malin
and Edgett, 2001; Edgett, 2002; Schatz et al., 2006; Tirsch et al., 2007]. Observations of
moving or disappearing dunes are rare [e.g. Fenton, 2005a; Bourke and Edgett, 2006;
Bourke et al., 2008a]. The reason for this might be that the moving rate is immeasurable,
given the limited number of repeated observations spanning several Mars years and the
spatial resolutions available. In many studies, comparisons of Viking and MOC images
over 4-15 Martian years show no clear evidence of any translation of aeolian dunes across
the Martian surface [Schatz et al., 2006]. An analysis of the dark dunes’ theoretical
inability to move, possibly due to surface consolidation, will be discussed in Sect. 5.5.

3.2 Evidence for Recent Aeolian Transport on Mars
It is a striking fact that although sand is theoretically much more movable than dust
(because the cohesion of dust particles hampers movement), transport of windblown
particles on Mars is predominantly observed in association with clay-sized particles, i.e.
dust storms, dust plumes and dust devils [e.g. Iversen et al., 1976a; James and Evans, 1981;
Ryan and Sharman, 1981; Moore, 1985; Edgett and Malin, 2000b; Zimbelman, 2000;
Cantor et al., 2001; Malin and Edgett, 2001]. Recent studies from MER landing sites [e.g.
Squyres et al., 2003; Squyres et al., 2004; Arvidson et al., 2006; Squyres et al., 2006a;
Squyres et al., 2006b] reveal that the dust particles at the surface are aggregated in fragile
sand-sized agglomerates which, due to their lower weight, can be much more easily
transported than weighty sand-sized particles or cohesive clay-size particles [Herkenhoff
et al., 2004; Sullivan et al., 2008a]. These particles can, in turn, be very easily entrained
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and disintegrated into dust particles that are suspendable in dust devils and dust storms
[Sullivan et al., 2008a; Sullivan et al., 2008b]. Fig. 11 shows a comparison between large
dust aggregates and loose cohesionless fine/very fine mafic sand (200-300 μm) that
resembles the dark surface material in the El Dorado dune field (see Fig. 69) at MER
Spirit’s landing site in Gusev Crater [Sullivan et al., 2008a]. Note the ease with which dust
aggregates were crushed into ultra-fine unresolved particles by the contact plate imprint
of the Mössbauer spectrometer (MIMOS II). The instrument is described in detail by
Klingelhöfer et al. (2003), Squyres et al. (2003), and Morris et al. (2006).
(a)

(b)

Figure 11: Comparison of aggregated dust particles and loose sand at different sites in Gusev crater
(a) Large ’popcorn-like’ aggregates of airfall dust with an imprint of a Mössbauer contact plate showing that
agglomerates are easily crushed into ultra-fine unresolved particles (view of Microscopic Imager (MI) on
board the Spirit Rover; image is ~15 mm across). (b) Loose cohesionless fine/very fine dark mafic sand (200300 μm) that resembles the dark material in the El Dorado dune field (MI view, ~15 mm across). Images
obtained from Sullivan et al. (2008a).

Although sand transport is much harder on Mars than on Earth, there is some evidence
for recent saltation processes on Mars. For example, after the dust storm in March 2005
[Cantor et al., 2006], accumulations of sand grains were found on the 1 m-high deck of the
Mars exploration rover Spirit [Greeley et al., 2006]. Changes in the surface albedo of
Gusev Crater (darkening) also resulted from material transport during the dust storm of
March 2005. This indicates the removal and redistribution of a brighter fine-grained dust
cover as well as coarser grained material on the Gusev Crater floor [Cantor et al., 2006].
The absence of impact craters on dune surfaces and sharp brinks at the top of their slip
faces suggests that a certain portion of Martian dunes might have an unaltered
morphology [Edgett and Malin, 2000b; Bourke et al., 2008a]. Other changes in dune slip
faces, such as lineations interpreted as dry grain flows on dune avalanche faces [e.g. Edgett
and Malin, 2000b; Reiss and Jaumann, 2003; Fenton, 2006], wind streaks emanating from
dunes or dark spots [Edgett and Malin, 2000b], and other dark streaks extending

Chapter III

Aeolian Processes on Mars

23

downwind from dunes [Breed et al., 1979] might also indicate local sand transport.
Further evidence of current sand movements on Mars comes from slight changes in the
orientation and brightness of wind streaks at Victoria Crater revealed by the comparison
of MOC and HiRISE images [Bridges et al., 2007]. Evidence of the recent mobilization of
fine mafic sand was observed by the rover Spirit close to the 'Home Plate' site at Gusev
Crater. Small dark ripples have moved by about 2 cm towards the rover during a wind
event lasting five Martian Sols [Sullivan et al., 2008a]

3.3 Sand Sources, Formation Processes, and Bed Forms on Mars and
Earth
Pye and Tsoar (1990) name three basic requirements for sand-sea or dune-field formation:
(a) a large sand supply, (b) adequate wind energy for material transport, and (c) suitable
and persistent climatic and topographic conditions allowing the accumulation of large and
thick sand masses. On Earth, deserts are often located in basins and in the vicinity of huge
river systems [Besler, 1992]. Again on Earth, aeolian transported sands and desert regions
can generally be found near rivers, especially at the termination of huge (mostly
endorheic) drainage basins, i.e. upon or at the margin of vast alluvial fans. The Sahara, the
Rub’ al Khali in Arabia, the Simpson desert in Australia, and parts of the Namib erg are
examples of that similarity of location on Earth [Besler, 1992]. In the case of exorheic
rivers, the accumulated fluvial sands are deflated out of the estuary regions at low water
and transported to the desert regions nearby. Further sand sources on Earth are beaches
and coasts, where large amounts of sand are produced by general shoreline erosion
processes like abrasion or corrosion. In addition, loess generated by glaciers as well as the
disintegration and weathering of solid rock (primarily sandstone) can produce huge
amounts of sandy material [Cooke and Warren, 1973; Besler, 1992; Cooke et al., 1993].
Greeley and Iversen (1985) classify the processes of particle formation on terrestrial
planets as weathering (physical and chemical), cataclastic processes (disintegration of
particles caused by collision during fluvial or aeolian transport, fragmentation caused by
impact cratering, and crushing and grinding due to mass movements), volcanism,
biochemical precipitation and biological activity (e.g. mechanical breaking by tree roots),
and aggregation (building of sand-sized particles from aggregates of smaller particles).
Except for the biological processes, the mechanisms of sand formation on Mars are
similar to those on Earth, albeit with a different emphasis. Due to the lack of active river
systems and shorelines, volcanic activity might be the main sand-producing process on
Mars today, resulting in large amounts of fine particles generated from pyroclastic deposits
such as ashes and scoria [Greeley and Iversen, 1985; Baratoux et al., 2007]. Aeolian
erosional processes such as corrasion or abrasion, and deflation (see Sect. 2.1.3), which
erode the harder volcanic basalts and remove small particles, are remarkable land-forming
processes on Mars, producing some aeolian sediments over long periods. In former times,
when liquid water was present on the Martian surface, i.e. between the late Noachian and
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the late Amazonian period, the huge valley networks and outflow channels on Mars
probably generated enormous amounts of sediment by fluvial processes. Glaciers on Mars
may similarly have produced enormous amounts of sediment, although not as efficiently.
Another important particle-producing process on Mars is fragmentation caused by impact
shock waves [Baratoux et al., 2007].
Breed et al. (1979) classified sand sources as either primary (disintegration of bedrock) or
secondary (fluvial, marine, and glacial sediments). They suppose that the products of
impacts, volcanism, and former fluvial activity provided a major part of the secondary
sources on Mars. However, the supply of solid particles to form dune sands is sparse on
Mars in comparison to Earth [Breed et al., 1979]. A rising number of authors [e.g. Greeley,
1979; Herkenhoff et al., 2004; Landis et al., 2004; Herkenhoff et al., 2006; Sullivan et al.,
2008a] suggest that dust particles aggregated by electrostatic forces might represent a
notable amount of dune-forming particles capable of saltation on Mars.
The type of material accumulation depends on the sand supply, the wind regime (strength
and direction), the local topography, and the distance from the source [Breed et al., 1979;
McKee, 1979]. The smaller the sand supply, the smaller the potential for bed forms to
develop and sand sheets to accumulate. Dunes are more likely to develop if more material
is available and the wind regime is favourable [e.g. Bagnold, 1954; Pye and Tsoar, 1990;
Wiggs, 2002]. The most famous dune classification scheme was developed by McKee,
(1979) and adopted by many workers. McKee (1979) classified dunes based on two
descriptive attributes, namely the shape of the sand body and the number and position of
slip faces, arriving at three major dune categories: basic or simple dunes, compound dunes,
and complex dunes. An overview of dune types is given in Fig. 12; the most common
types will be discussed below.
Simple dunes are spatially separated individual dunes [Pye and Tsoar, 1990]. A
frequent form is the crescent-shaped barchan dune, which develops under conditions of
limited sand supply and unidirectional winds. As the amount of sand increases,
barchanoid ridges (parallel rows of coalesced barchans) and transverse dunes (parallel
straight ridges) may form under the same wind conditions in gradational sequence
[McKee, 1979]. These three one-slip face dune types are referred to as 'crescentic' dunes
by McKee et al. (1979). Wiggs (2002) and Breed et al. (1979) classify these types as
'transverse' dunes because they are bed forms deposited by wind that generally blows
transversely to their main axes. Bimodal wind regimes result in the growth of linear or
seif dunes with two slip faces on both sides. Linear dunes, sometimes also referred to as
longitudinal dunes, have a simple longitudinal pattern, whereas seif dunes are a sub-type
characterised by a meandering shape caused by the bidirectional wind [Tsoar, 2008]. Seif
dunes may also develop from barchan dunes that are modified by a bi-directional wind
regime so that the dune becomes asymmetrical and extends a seif-shaped limb [Tsoar,
1984; Bourke, 2008]. Star dunes, characterised by multiple slip faces at several radially
extending arms and a pyramid-like shape, develop under a complex multi-directional
wind regime [McKee, 1979; Schatz et al., 2006]. Two winds of equal strength blowing
from nearly opposite directions produce reversing dunes. This dune type resembles
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transverse ridges but has a second slip face caused by the second wind direction [McKee,
1979]. All these simple dune types are prevalent on both Earth and Mars. Crescentic and
especially barchan dunes are the most common types on Mars and account for about half
the dunes observed on Earth [Breed et al., 1979]. Linear dunes are another type frequently
found on Earth [Tsoar, 2008], which is however very rare on Mars (see Sect. 5.1).
Compound dunes consist of several dunes of the same type, which have coalesced or are
superimposed onto each other. Complex dunes consist of two or more dunes of different
basic types, which have coalesced or grown together by migrating at different rates [Breed
et al., 1979; McKee, 1979; Pye and Tsoar, 1990]. Multiple combinations of this dune type
are common in most sand seas on Earth, such as the desert of Peru [Grolier et al., 1974, cit.
in Breed et al., 1979] or the Kelso dunes in southern New Mexico [Sharp, 1966, cit. in
Schatz et al., 2006]. On Mars, such vast compound and complex dune fields can primarily
be found in huge craters in Noachis Terra (formerly named the Hellespontus region), e.g.
Proctor, Kaiser, Russell, and Rabe (see Fig. 2 and Appendix). Breed (1977) found the dunes
in the Kara Kum desert in Turkmenistan and in the Badan Jiling sand sea of the Ala Shan
(Gobi) desert in China to be the closest terrestrial analogues in shape and aerial extent.
As an aeolian bed form, the dune is the most impressive deposition type of aeolian
sands although the material may also accumulate in sand sheets. McKee (1979) describes
sand sheets as sand bodies with a flat surface and without slip faces. Sand seas, often
referred to as 'ergs' on Earth, consist of both dunes and sand sheets [e.g. Cooke and
Warren, 1973; Pye and Tsoar, 1990; Cooke et al., 1993; Thomas, 2000]. A huge sand sea on
Mars comprising dunes and sand sheets called the north polar erg can be found around the
north polar cap.
The majority of the terrestrial dune types shown in Fig. 12 can be found on Mars,
so that they may be used as analogues in Martian studies. However, some dune types
develop under conditions for which Mars is not suitable. For example, Mars exhibits no
parabolic dunes such as can be found in several terrestrial deserts (e.g. in the western
USA: White Sands, Alkali Lake, Mosses lake, Juniper Flats) [Zimbelman and Williams,
2007]. One factor determining the formation of parabolic dunes is the stabilization of the
sand mass by vegetation, which is not present on Mars.
All previously discussed dune types are made of dark material on Mars. There is a
further very common aeolian bed form on Mars that is not made of dark material. The socalled 'transverse aeolian ridges' (TARs) are light-toned linear bed forms that often cover
the floors of troughs and typically follow their course [e.g. Malin and Edgett, 2001; Bourke
et al., 2003; Balme and Bourke, 2005; Balme et al., 2008; Berman et al., 2008]. In many
places, it is obvious that dark dunes overlie the TARs, indicating that the dark bed forms
are much younger than the bright linear features [Berman et al., 2008].
The dark dunes on Mars are relatively young and were recently active or are active
today, as indicated by the absence of impact craters on the dune surfaces where even
high-resolution HiRISE data (see Sect. 4.6) could not reveal any small craters. Therefore,
dark dunes cannot be dated by the crater size-frequency method described in Sect. 2.1.2.
However, small impact craters were found, for example, at the top of smaller bright
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transversal dunes (TARs) at Nirgal Vallis [Reiss, 2006], proving the inactivity of these
bright aeolian bed forms under current climatic conditions.

Figure 12: Classification of major dune types (adapted from Wiggs (2002)).
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3.4 Areas of Dark Material Distribution
The dark areas on the face of the planet (Fig. 1) suggest at first glance that this material is
nearly globally distributed. A closer look reveals that this particulate material is
frequently associated with impact craters (especially in the southern hemisphere) and
other depressions (such as Valles Marineris), the north polar region, large impact basins
(Hellas and Argyre), and the vicinity of volcanic outcrops (such as Cerberus and Syrtis
Major) [e.g. Breed et al., 1979; Poulet et al., 2003; Fenton, 2005b; Langevin et al., 2005;
Baratoux et al., 2007; Grégoire et al., 2007].
A statistical analysis of the geographical distribution of dark dunes was done by
Mullins et al. (2005) within the framework of the Mars Global Digital Dune Database
(MDG3, see Sect. 4.7.2). They report that 92 % of a total of 626 dune field deposits
identified between +/-65 degrees latitude are located in the southern hemisphere. About
76 % or 475 dune fields are located within impact craters. Most of the intra-crater dune
fields (413) are also situated in the southern hemisphere, which is to be expected, given
the distribution of craters on Mars and the higher erosion rates in the northern
hemisphere [Armstrong and Leovy, 2005]. The northern hemisphere only contains 42
intra-crater dune fields. The cumulative area identified as covered with dark dune fields
between +/- 65° N/S is 60,068 km2 [Mullins et al., 2005]. Fig. 13 provides an overview of
dark dune sites on Mars as recorded in the MDC3. There are many more localities covered
with dark material on Mars, especially in the polar regions. However, the figure quoted
above gives a general impression of the distribution of dark dunes on Mars.

Figure 13: Distribution of dark dunes on Mars as catalogued in the MCD3 [Hayward et al., 2007b].
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As Fig. 13 shows, most of the dunes on Mars are found on crater floors [Greeley et al.,
1992; Fenton et al., 2007]. The craters are thought to act as sediment traps for aeolian
materials [Jaumann et al., 2006]. The wind blowing over a crater rim leaves particles on
the crater floor, often near the downwind crater wall [Hartmann, 2003]. Dark material
particles may also be deposited downwind outside the crater, where they form wind
streaks (i.e. dark depositional wind streaks, Type II streaks 1 according to Thomas et al.,
(1981)). The most prominent site for huge dune fields on the floors of large Martian
impact craters is the Noachis Terra region [Breed, 1977; Fenton, 2005b]. Dunes in the
southern hemisphere upward of 50° S were recently mapped and classified by Fenton and
Hayward (2008). Preliminary results show that most of the dunes are located in impact
craters, whereas the highest densities were logged in the area between 60° S and 80° S.
Dune classification showed progressive dune degradation towards the South Pole, which
is likely indicative of a climate change postdating the dune formation [Fenton and
Hayward, 2008].
Furthermore, dark dune fields or ergs are known from some few sites outside of
craters or other distinct geographical features, e.g. in the eastern Thaumasia region
[Silvestro et al., 2008] and in Aonia Terra [Silvestro and Ori, 2008]. Although located in
the large flat plain of Gusev Crater, the dark dune field called 'El Dorado' close to the
landing site of MER Spirit [Sullivan et al., 2008a] cannot be directly associated with a
typical impact crater floor site.
Most north polar dunes are found at Chasma Boreale and Olympia Undae; they
have been studied by many authors [e.g. Tsoar et al., 1979a; Tsoar et al., 1979b; Thomas
and Gierasch, 1995; Herkenhoff and Vasavada, 1999; Edgett et al., 2003; Bourke et al.,
2004; Tanaka and Hayward, 2008]. The source of the Chasma Boreale materials is
supposed to be a suite of sand-rich layers exposed in the scarps of the chasm [Schatz et al.,
2006]. Tanaka et al. (2008) reported that the north polar erg dunes have a particular local
source in the Planum Boreum cavi unit. Although these dark polar materials have a
similarly low albedo and generate bed forms similar to those of the dark materials in
lower latitudes, they exhibit a remarkable difference in thermal behaviour. Their thermal
inertia values range around 75 Jm-2K-1s-1/2 (cf. Sect. 5.5.3), indicating much finer material
[Paige et al., 1994; Vasavada et al., 2000; Putzig et al., 2008]. Herkenhoff and Vasavada,
(1999) believe that aggregation of low-density particles is the reason for these low thermal
inertia values (cf. Sect. 3.2). A further difference between the north polar dunes and those
in lower latitudes lies in their mineralogical composition, which is dominated by

Thomas et al. (1981) classified wind streaks on Mars according to albedo contrast and point of origin

1

(topographic obstacles or sediment deposits) as follows:
Type I (b): modification of wind flow by a topographic obstacle Æ bright depositional streaks
Type I (b): modification of wind flow by a topographic obstacle Æ dark erosional streaks
Type I (m): modification of wind flow by a topographic obstacle Æ mixed-tone streaks
Type II: streaks associated with a source deposit, deflation of a deposit of wind transportable material Æ
dark tongues emanating from dark splotches inside depressions
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sulphates (such as gypsum) rather than basaltic materials [Langevin et al., 2005; Fishbaugh
et al., 2007], indicating them as secondary weathering products.
Other deposits of dark material can be found along the walls of Valles Marineris, in
the Coprates and Juventae chasmata [Geissler et al., 1990b], in Candor Chasma [Lucchitta,
2001], and in the Melas and Ganges chasmata [Baratoux et al., 2007] where they form
dunes and dark mantles. The dark material in Valles Marineris is of a mafic composition
[Geissler et al., 1990b] similar to the dark dune material inside the craters. Lucchitta
(1990) supposes that a portion of this dark material was derived from local dark outcrops
in knobs or from dark layers in interior deposits or trough walls (cf. Sect. 5.2).
Alternatively, part of this material may be derived from relatively young pyroclastics from
local sources reworked by the wind [Lucchitta, 2001].
Dark dune fields in volcanic regions were reported for Syrtis Major (Nili Patera
dune field) [e.g. Bishop, 1999; Poulet et al., 2003; Hiesinger and Head, 2004] and for the
Cerberus Region [Grégoire et al., 2007]. Several studies have been concerned with the Nili
Patera dune field. Poulet et al. (2003) analyzed the mineralogical composition of these
dunes, finding that their constituent elements resemble the bulk of dark dune material in
craters, i.e. pyroxenes and olivines. Bishop (1999) supposed that these dunes were recently
active because of the lack of superimposed features or indications of degradation as well as
the morphology of the dune crest lines. The Nili Patera dune field is incorporated in the
analysis of the present study.

