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Climbing and falling dunes in Valles Marineris, Mars
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[1] Multiple occurrences of “wall dunes” are found several
kilometers above the Valles Marineris canyon floor. Dune
slip face orientation and bed form morphologies indicate
transport direction and whether the wall dunes are climbing
dunes or falling dunes. On Earth, these types of dunes
form in a unidirectional wind regime and are strongly
controlled by the local topography. Newly acquired Mars
Reconnaissance Orbiter (MRO) images and topography
of the walls of Valles Marineris show similar sand dune
morphologies, as wind blown sediment has interacted
with local and regional topography. Primarily found in
Melas and Coprates Chasmata, these climbing and falling
dunes are relevant for understanding aeolian sediment flux,
sediment sources, and wind directions. Falling dunes show
photogeologic and thermophysical evidence of their sand
being provided by adjacent outcrops. Citation: Chojnacki, M.,
J. E. Moersch, and D. M. Burr (2010), Climbing and falling dunes
in Valles Marineris, Mars, Geophys. Res. Lett., 37, L08201,
doi:10.1029/2009GL042263.

1. Introduction

[2] Aeolian activity has likely been the most consistent
geologic process throughout Mars’ history. Low‐albedo,
fine‐grained bed forms are commonly found scattered at
landing sites and in orbital images [Herkenhoff et al., 2008].
Viking studies of Valles Marineris (VM) noted the dark
mantles found on the chasm floors, interpreted as dunes
[Kieffer and Zent, 1992, and references therein]. These
studies speculated that the putative dunes were composed of
basaltic sediment derived from local outcrops. Although
significant progress has been made over the past three
decades in understanding aeolian processes and landforms
on Mars, questions remain regarding dune composition,
age, morphology and sediment supply under present and
past Martian surface conditions.
[3] As part of a near‐global dune study, Hayward et al

[2007] cataloged dunes widely distributed over a range of
elevations and terrain types. Equatorial dune fields are typi-
cally found in classic low albedo features, such as Syrtis
Major, Terra Meridiani and Valles Marineris. Indeed, the
majority of dune field area between 0° and 30° S are in VM,
with 20 dune fields on VM trough floors [Hayward et al.,
2007]. Regional meteorology is largely influenced by the
∼9 km of VM topography and the resulting atmospheric
pressure gradient [Rafkin and Michaels, 2003].
[4] As part of a regional study we mapped 50 dunes fields

in VM (Figure 1a) to identify significant trends in compo-

sition, thermophysical properties, morphology and possible
provenance [Chojnacki and Moersch, 2009]. That study
found VM dune fields could be broadly divided into two
classes: floor‐ and wall‐related dune fields. Wall‐related
dune fields, or “wall dunes,” are found proximal to or onwalls
(Figure 1). We have identified nearly two‐dozen occurrences
of wall dunes (sub‐classified as either climbing or falling
dunes) found high on the spur‐and‐gully walls. Based on
available data, these dunes are located preferentially on north‐
facing slopes inMelas and Coprates Chasmata (Figures 1b and
1c). While previous studies have described Martian climbing
and falling dunes within crater rims and troughs [Fenton et al.,
2003; Bourke et al., 2004], the climbing and falling dunes
found inVMaremore abundant, areally larger and are formed
on greater relief. In addition, the climbing and falling dunes
in VM possess distinct slip faces, unlike those previously
described elsewhere on Mars. The VM climbing and falling
dunes are relevant for understanding aeolian sediment flux,
sediment sources, and wind direction at the time of their most
recent activity. For example, dune slip face orientation pre-
serves a record of the prevailing wind direction at the last
time of major dune activity, which may be compared with
atmospheric circulation models.

2. Climbing and Falling Dunes on Earth

[5] As discussed by Pye and Tsoar [1990], sediment and
airflow interactions with topography at all length scales in
mountainous regions significantly affect dune location, size,
shape, and orientation. Topography can accelerate and decel-
erate airflow, and create turbulence, often leading to enhanced
erosion, deposition and/or transport of sediment. In areas with
a near‐unidirectional wind regime, topographically‐related
dunes can be divided into two classes depending on whether
they form upwind or downwind of an obstacle. Upwind
accumulations of sand include echo dunes (anchored) or
climbing dunes (not anchored), whereas downwind accu-
mulations form lee dunes (anchored) or falling dunes (not
anchored). The morphology and geometry (steep cliffs >50°)
required for echo and lee dune fields [Tsoar, 1983; Liu et al.,
1999] are not observed in the local topography [Neukum et
al., 2004], and will be not be discussed further.
[6] Climbing dunes are formed when migrating dunes

encounters and ascends a substantial slope or cliff (>10°),
where there is nomajor wind flow blockage (Figure S1)2 [Pye
and Tsoar, 1990]. A wind direction aligned with the maxi-
mum gradient is also important in formation of climbing
dunes [Liu et al., 1999]. Climbing dunes often cascade over
the topography through local low points (i.e., passes) to
become falling dunes as part of sediment pathways [Evans,
1962; Koscielniak, 1973].1Planetary Geosciences Institute, Department of Earth and Planetary

Sciences, University of Tennessee, Knoxville, Tennessee, USA.
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Figure 1. (a) THEMIS daytime infrared mosaic of Valles Marineris with dune fields mapped in orange. Context boxes for
Figures 1b and 1c are in white. Mosaics of (b) southern Melas Chasma and (c) central Coprates Chasma with climbing and
falling dunes shown in red and indicated by red arrows. Context boxes for Figures 2 and 3 are also shown in Figures 1a–1c,
and black arrows represent viewing angles for Figure S2. (THEMIS image credit: Gorelick and Christiansen [2005]).
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[7] Falling dunes, found on the downwind side of large
topographic highs, are formed by unidirectional down slope
winds and gravity in two main environments (Figure S1).
One example of falling dunes is found in Kuwait, where size
and morphology are largely influenced by the size, slope
and orientation (with respect to the prevailing wind direction)
of their host wadis, or desert valleys [Al‐Enezi et al., 2008].
The slip face of these dunes may be parallel to wadi walls
(resembling a linear dune morphology), arcuate, perpendic-
ular to them (and crescent shaped), or absent altogether
[Al‐Enezi et al., 2008]. Bed forms encountering mountainous
areas with greater relief than wadis may form the falling dune
class [Liu et al., 1999]. If the cliff face is without a prom-
inent protuberance, less streamline convergence, reduction of
wind velocity, and sediment deposition may result in falling
dunes [Pye and Tsoar, 1990].
[8] Climbing and falling dunes have characteristic slopes

and sediment pathways. The underlying topographic slopes
for climbing dunes are generally shallower (∼10°) than the
slopes under falling dunes (∼25°) [Evans, 1962; Tsoar, 1983;
Liu et al., 1999]. Falling dunes preferentially are transported
down gullies (or wadis) as the path of least resistance, whereas
climbing dunes may encounter and ascend either gullies or
spurs [Koscielniak, 1973; Al‐Enezi et al., 2008]. In addition,
falling dunes may act as feeders for other dune forms within
the trough or valley, whereas climbing dunes may allow
sediment to escape from a topographic low [Bourke et al.,
2004].
[9] The morphological characteristics that together uniquely

define climbing and falling dunes are given in Figure S1.
Definitions of wall dune types are somewhat ambiguous in
the terrestrial literature. In the present work, we define
climbing dunes as bed forms with lee faces on the uphill side
and falling dunes as bed forms with lee faces on the downhill
side, both lying on topography >8° in slope (Figure S1).
Climbing dunes are expected lower on a wall and are often
linked to floor dunes with similar slip face orientations,
indicating a common transport direction. Also, dune horns
of falling dunes may point upwind opposite of the transport
direction, contrary to simple barchans.

3. Study Region and Methods

[10] Valles Marineris is a geologically rich region with
large landslides [e.g., Quantin et al., 2004], aqueous min-
eralogical alteration [e.g., Gendrin et al., 2005], and aeolian
sedimentation [e.g., Hayward et al., 2007]. The VM dune
fields show a large range of dune morphologies, thermo-
physical properties, and potential sand sources [Chojnacki
and Moersch, 2009]. The topography and meteorology of
the expansive rift system is distinct from intra‐crater terrain
(Figure 1a) [Hayward et al., 2007]. The VM aeolian mor-
phologies are likewise distinct from those in intra‐crater
plains, and include a variety of bed forms found several
kilometers above the canyon floor on steep walls, within
gullies, and atop landslide heads.
[11] All of the observed VM wall dunes are located on

much steeper (≥10°) underlying topography than are the floor
dunes in the region (<4°). Lee‐faces slip faces must be
identifiable to determine dune class (i.e., climbing or falling),
otherwise we use the more general term of wall dunes.
As discussed above, morphological evidence for transport
directions, such as the presence of bed forms above or below

the wall dune, near vertical topography and feasible sand
pathways are also considered in our determination of whether
a given dune is a wall dune. These wall dune fields are small
(300 m‐3 km−wide, 2–7 km‐long) and have not been pre-
viously described in the literature, possibly due to the scarcity
of high‐resolution images.
[12] With improved spatial resolution and areal coverage,

many of these dunes can now be properly classified using
data from the Mars Reconnaissance Orbiter (MRO). Images
from both the Context Camera (CTX) [Malin et al., 2007]
and High Resolution Imaging Science Experiment (HiRISE)
[McEwen et al., 2007] were examined for photogeologic
evidence of wall dunes. Thermal inertia maps were derived
from Mars Odyssey’s Thermal Emission Imaging System
(THEMIS) [Christensen et al., 2004; Fergason et al., 2006]
data using the model of Putzig and Mellon [2007], as
implemented in the “jENVI” software suite [Piatek and
Moersch, 2006]. The Mars Express High Resolution Stereo
Camera (HRSC) [Neukum et al., 2004] level 4 digital eleva-
tion models (DEMs) were used to quantitatively investigate
surface morphology (slope profiles, dune orientation) at
50–150 m/pixel. In addition, a DEM was produced from
the one available HiRISE stereo pair of VM wall dunes for
extraction of dune field slope profiles with ∼1 m/pixel hori-
zontal and vertical precision at 1 m/pixel spatial resolution
[Kirk et al., 2008].

3.1. Valles Marineris Climbing Dunes

[13] Climbing dunes, primarily inMelas Chasma (Figure 1b),
are only found on north‐facing walls. Figures 2a and S2a
shows a series of climbing dunes extending ∼5 km up a
prominent gully in the extreme southwest corner of the chasm.
This dune field atop a 15° slope shows multiple slip face
morphologies (crescent and linear), all indicating unidirec-
tional, upslope gully wind. Another unambiguous group of
climbing dunes is found in Coprates Chasma (Figure 2b), but
with a slightly different morphology. These streamlined dunes
appear nearly halfway up the ∼9‐km‐tall wall, with several
minor slip faces and a prominent single sand ridge or slip face
parallel to the cliff face above.
[14] The most spatially extensive climbing dunes are

found in a series of dark‐toned bed forms draped over the
preexisting topography of spur‐and‐gully walls in south
Melas Chasma. Images of this area (Figures S2b, 3a and 3b)
show a series of distinct slip faces on the uphill side of the
dunes, both within gullies and atop spurs. A large dune field
(Figures 1b and S2b) is located on the floor of the chasma
10 km to the north and 1 km lower in elevation. Because of
its proximity to the climbing dunes and its slip face orienta-
tions indicating a southward wind direction, this floor dune
field is the probable sand source for the climbing dunes
(Figure S2b). TheTHEMISmosaic shows a gradual increase in
thermal inertia upslope, up to a thermal boundary (Figure 3b,
black arrows). This trend of increasing thermal inertia with
elevation is interpreted as evidence for a mixed sand and dust
surface lower in the sequence (Figure 3a, blue) with a gradual
decrease in dust and increase in grain‐size uphill (Figure 3a,
cyan). Inspection shows that this boundary corresponds with
the upper slip faces and higher‐lying, dark‐toned aeolian
material. We infer it to mark the contact between the lower
thermal inertia sand‐sized sediment and the higher albedo
(∼0.15), higher thermal inertia (>800 Jm−2K−1s−1/2, units
hereafter assumed) wall material. A “halo” of dark‐toned
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(possibly finer‐grained) material blankets the wall rock above
the slip faces, lowering its thermal inertia substantially (i.e.,
900 to 350). Together, these two observations suggest a high
level of aeolian activity, with wind driving sand (preferen-
tially fine sand (100–150 mm) as the easiest entrained particle
sizes [Kieffer and Zent, 1992]) upslope and removing dust.

3.2. Valles Marineris Falling Dunes

[15] Eastern Coprates Chasma (Figure 1c) hosts a dense
and varied population of aeolian morphologies, including:
barchan, sand sheet, and climbing and falling dunes that are
found within craters, canyon floors, reentrant depressions and
gullies several kilometers above the chasma floor [Chojnacki
and Moersch, 2009]. The dunes found in depressions and
gullies, primarily interpreted as falling dunes (Figures 2c, 2d,

S2c and S2d), exhibit a range of sizes, shapes and orienta-
tions. All falling dunes discussed here are found on the
southern wall of the main chasm and both sides of an isolated
∼200 km long eastern wall remnant (Figure 1c, red polygons).
Bed forms are not always oriented perpendicular to the
local maximum slope, but instead are oriented diagonally
across walls, indicating sediment transport in that direction
(Figure 2d). These dunes appear to be largely affected by
mesoscale topography: a ∼3‐km‐long spur between two dune
fields suggests leeward deceleration and consequent deposi-
tion (Figure 2d, eastern dune field).
[16] One ∼90 km stretch of the southern walls has at least

eight wall dunes within neighboring gullies, 2–3 km above
the ubiquitous floor dune fields (Figure 1c). Many of these
wall dunes have a similar symmetric “lobate” morphology

Figure 2. Valles Marineris climbing and falling dunes. Inferred wind directions are shown by white arrows. Images are
oriented so lower elevations are toward the bottom of the images. HRSC DEM profiles (a to a′) are provided with mean
slope values (MS) and axes in units of kilometers. (a) Climbing dunes in southwest Melas Chasma. Notice multiple slip
faces and dark‐toned sediment superimposed on the higher albedo bedrock (black arrows). (b) Climbing dunes in central
Coprates Chasma. Note the prominent slip face approximately parallel to the obstructing wall rock above. (c and d) Falling
dunes in Coprates Chasma.
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Figure 3. Multiple climbing dunes in southern Melas Chasma shown in (a) THEMIS thermal inertia and (b) a CTX image
shows increasing thermal inertia southward and upslope to a distinct thermal boundary (black arrows), above which high ther-
mal inertia wall rock is located. In visible‐wavelength images (Figure 3b) this same location marks the contact between the
furthest extent of the slip faces and dark‐toned sediment higher on the slope. A HRSC DEM profile (a to a′) is provided with
a mean slope value (MS) and axes in units of kilometers. (c–e) A series of falling dunes in southern Coprates Chasma shown in
Figure 3c a CTX image colorized with THEMIS thermal inertia data and Figures 3d–3e shows a HiRISE image. In Figure 3d a
distinct, arcuate lobate morphology common to other local wall dunes is observed. HiRISE DEM elevation (top) in meters and
slope angle (bottom) profiles (a to a′) are provided across the bottom three dunes. Closer examination (Figure 3e), confirms slip
faces are located on the downhill and flank sides of the dunes.
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of repetitive, slightly arcuate slip faces, with horns oriented
uphill (Figures 3c–3e and S2d). On a flat surface, this
barchan‐like bed formwould indicate a wind direction uphill.
However, inspection of HiRISE DEMs shows material
(inferred sand) at the angle of repose (∼34°) and likely slip
faces on the downhill sides of the dunes (Figures 3d and 3e),
indicating downward movement as falling dunes. Several
falling dunes in the U.S. Great Basin have strikingly similar
arcuate, lobate morphologies and orientations. Koscielniak
[1973] found falling lobate dunes to be caused by dune
crest overburden that, along with sand saltation, advances
the dune crest faster than the flanks (Figure S3). Additionally,
the falling dunes in Figures 3c and S3a are clearly restricted
to the bottom of the gully and its thermal properties and tone
are consistent with local provenance.

4. Discussion

[17] The existence of climbing and falling dunes in VM has
many broad implications for the VM‐regional and Martian‐
global aeolian regime. These intriguing aeolian morphologies
are the result of a wind environment largely dictated by the
micro‐ and mesoscale topography and large relief of VM.
For example, falling dunes found in Coprates Chasma often
have horns pointing upwind (Figures 2c, 3c–3e, and S3a).
In contrast, the majority of terrestrial and Martian crescent‐
shaped dunes that occur on relatively flat topography (i.e.,
barchans) have horns pointing downwind. This morphology
suggests slip face advancement occurs at a greater rate
towards the center of the dune as compared to the flanks,
presumably due to a higher velocity and/or more consistent
airflow over the center of the dune. Three‐dimensional models
of airflow down terrestrial wadis support this notion, with
higher wind velocity vectors near the center of the wadis and
decreased wind flow on the flanks [Al‐Enezi et al., 2008],
potentially due to airflow separation of the walls.
[18] Micro‐ and mesoscale topography has a direct conse-

quence on sediment transport direction. In many cases (e.g.,
Coprates Chasma), the climbing and falling dune slip faces
orientations are inconsistent with those of dunes found on the
canyon floor [Hayward et al., 2007], suggesting a more
complex picture than simple up‐ or down‐canyon winds.
Contrasting with this, south Melas Chasma climbing dunes
indicate a strong, southward wind direction during periods
of dune activity, which agrees with meteorological model
predictions for the region under current conditions [Rafkin
and Michaels, 2003].
[19] To date, no dark‐toned dunes have been located near

the rim of VM, nor on the plateau surrounding the chasma
system. The closest major dune field concentration, in Argyre
Planitia, is more than 2000 km away [Hayward et al., 2007].
Although minor light‐toned transverse aeolian ridges (TARs)
are common to adjacent plateaus, and no doubt over time
some of this sediment has blown into the rift system, these
TARs have inconsistent thermal inertia and albedo with dune
material discussed herein (e.g., Figures 3c and S3) [Chojnacki
and Moersch, 2009]. All the falling dunes discussed here,
which are located in east Coprates Chasma, appear isolated
from extra‐rift sand sources. The plateau above the south wall
dunes (Figure 1c (bottom left)) show a barrier (cantena) to
sediment transport and currently lacks visible aeolian fea-
tures. Climbing and falling dunes, on Earth and Mars, have
been found to be part of larger aeolian sediment pathways

across troughs or mountains [Lancaster and Tchakerian,
1996; Bourke et al., 2004]. If the Mars dune sediment source
were the plateau regions outside of VM, we would expect to
find falling dunes proximal to chasma rims (i.e., on the upper
half of canyon walls). Rather, falling dunes on lower reaches
of canyon walls that have eroding outcrops above them and
floor dunes below them (Figures 1c, 3c–3e, and S3a) provide
evidence that dune material is locally derived. This dune
provenance may mark a distinction between terrestrial and
Martian examples of falling dunes, as terrestrial falling dunes
have not been reported to form in situ.

[20] Acknowledgments. We would like to thank Jennifer Piatek for
use of her jENVI routines; Elpitha Howington‐Kraus and Rank Kirk at
the U.S.G.S. for help with the HiRISE DEM generation; Angelo Pio Rossi
for help with HRSCDEM processing; Nathaniel Putzig for use of his thermal
inertia lookup table (Figures 4a and 4c); Nathan Bridges and an anonymous
reviewer for their helpful comments and suggestions that improved the man-
uscript. And of course the many people responsible for the success of the
MGS, MO, MEX and MRO missions for their wonderful data. Support for
this research was provided in part by the THEMIS Participating Scientist
Program JPL contract 05‐ODYS05‐4 (for M.C. and J.E.M.).

References
Al‐Enezi, A., K. Pye, R. Misak, and S. Al‐Hajra (2008), Morphologic char-

acteristics and development of falling dunes, northeast Kuwait, J. Arid
Environ., 72, 423–439, doi:10.1016/j.jaridenv.2007.06.017.

Bourke, M. C., J. E. Bullard, and O. S. Barnouin‐Jha (2004), Aeolian
sediment transport pathways and aerodynamics at troughs on Mars,
J. Geophys. Res., 109, E07005, doi:10.1029/2003JE002155.

Chojnacki, M., and J. E. Moersch (2009), Valles Marineris Dune Fields:
Thermophysical Properties, Morphology, and Provenance, Lunar Planet.
Sci., XL, Abstract 2486.

Christensen, P. R., et al. (2004), The Thermal Emission Imaging System
(THEMIS) for the Mars 2001 Odyssey mission, Space Sci. Rev.,
11085130 doi:10.1023/B:SPAC.0000021008.16305.94.

Evans, J. R. (1962), Falling and climbing sand dunes in the Cronese “Cat”
mountain area, San Bernardino County, California, J. Geol., 70, 107–113,
doi:10.1086/626798.

Fenton, L. K., J. L. Bandfield, and A. W. Ward (2003), Aeolian processes
in Proctor Crater on Mars: Sedimentary history as analyzed from multiple
data sets, J. Geophys. Res., 108(E12), 5129, doi:10.1029/2002JE002015.

Fergason, R. L., P. R. Christensen, and H. H. Kieffer (2006), High‐resolution
thermal inertia derived from the Thermal Emission Imaging System
(THEMIS): Thermal model and applications, J. Geophys. Res., 111,
E12004, doi:10.1029/2006JE002735.

Gendrin, A., et al. (2005), Sulfates in Martian layered terrains: The
OMEGA/Mars Express view, Science, 307, 1587–1591, doi:10.1126/
science.1109087.

Gorelick, N. S. and P. R. Christensen (2005), THEMIS Global Mosaics,
Eos Trans. AGU, 86(52), Fall Meet. Suppl., Abstract P21C‐0161.

Hayward, R. K., K. F. Mullins, L. K. Fenton, T. M. Hare, T. N. Titus,
M. C. Bourke, A. Colaprete, and P. R. Christensen (2007), Mars Global
Digital Dune Database and initial science results, J. Geophys. Res., 112,
E11007, doi:10.1029/2007JE002943.

Herkenhoff, K. E., et al. (2008), In situ observations of the physical proper-
ties of the Martian surface, in The Martian Surface: Composition, Miner-
alogy, and Physical Properties, edited by J. Bell, pp. 451–467, Cambridge
Univ. Press, New York, doi:10.1017/CBO9780511536076.021.

Kieffer, H. H., and A. P. Zent (1992), Quasi‐periodic climatic change on
Mars, in Mars, edited by H. H. Kieffer et al., pp. 1180–1218, Univ. of
Ariz., Tucson, Ariz.

Kirk, R. L., et al. (2008), Ultrahigh resolution topographic mapping of
Mars with MRO HiRISE stereo images: Meter‐scale slopes of candidate
Phoenix landing sites, J. Geophys. Res., 113, E00A24, doi:10.1029/
2007JE003000.

Koscielniak, D. E. (1973), Eolian deposits on a volcanic terrain near Saint
Anthony, Idaho, M.A. thesis, State Univ. of N. Y. at Buffalo, Buffalo, N. Y.

Lancaster, N. and V. P. Tchakerian (1996), Geomorphology and sediment
of sand ramps in the Mojave Desert, Geomorphology, 17, 151–165.

Liu, X., S. Li, and J. Shen (1999), Wind tunnel simulation of mountain
dunes, J. Arid Environ., 42, 49–59, doi:10.1006/jare.1998.0488.

Malin, M. C., et al. (2007), Context camera investigation on board the Mars
Reconnaissance Orbiter, J. Geophys. Res., 112, E05S04, doi:10.1029/
2006JE002808.

CHOJNACKI ET AL.: WALL DUNES IN VALLES MARINERIS, MARS L08201L08201

6 of 7



McEwen, A. S., et al. (2007), Mars Reconnaissance Orbiter’s High Reso-
lution Imaging Science Experiment (HiRISE), J. Geophys. Res., 112,
E05S02, doi:10.1029/2005JE002605.

Neukum, G. R., et al. (2004), HRSC: the High Resolution Stereo Camera of
Mars Express, Eur. Space Agency Spec. Publ., ESA SP‐1240, 17–35.

Piatek, J. L., and J. E. Moersch (2006), A strategy for atmospheric correction
of THEMIS infrared data, Lunar Planet. Sci., XXXVII, Abstract 1158.

Putzig, N. E., and M. T. Mellon (2007), Apparent thermal inertia and the
surface heterogeneity of Mars, Icarus, 191, 68–94, doi:10.1016/j.icarus.
2007.05.013.

Pye, K., and H. Tsoar (1990), Aeolian Sand and Sand Dunes, 396 pp., Unwin
Hyman, London.

Quantin, C., P. Allemand, and C. Delacourt (2004), Morphology and geom-
etry of Valles Marineris Landslides, Planet. Space Sci., 52, 1011–1022,
doi:10.1016/j.pss.2004.07.016.

Rafkin, S. C. R., and T. I. Michaels (2003), Meteoroligical predictions for
2003 Mars Exploration Rover high‐priority landing sites, J. Geophys.
Res., 108(E12), 8091, doi:10.1029/2002JE002027.

Tsoar, H. (1983), Wind tunnel modeling of echo and climbing dunes,
in Eolian Sediments and Processes, Developments in Sedimentology,
edited by M. E. Brookfield and T. S. Ahlbrandt, pp. 247–259, Elsevier,
Amsterdam, doi:10.1016/S0070-4571(08)70798-2.

D. M. Burr, M. Chojnacki, and J. E. Moersch, Planetary Geosciences
Institute, Department of Earth and Planetary Sciences, University of
Tennessee, Knoxville, TN 37996, USA. (chojan1@utk.edu)

CHOJNACKI ET AL.: WALL DUNES IN VALLES MARINERIS, MARS L08201L08201

7 of 7



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 <<
    /ENU ()
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


