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Abstract

Aeolian dune fields have been described on Earth, Mars, Venus, and Titan. The amount and fidelity of data being
returned from orbiting spacecraft and landers have enabled a new era in aeolian studies. This progress report
presents an overview of the latest planetary geomorphic studies characterizing aeolian processes on
extraterrestrial surfaces. Our understanding of aeolian processes on other planetary surfaces comes largely
from Earth analog studies, along with wind tunnel experiments and theoretical modeling. However, an
important difference is that unlike terrestrial dunes most dunes on Venus and Mars are composed primarily
of basaltic particles. Additional research is needed to understand how basaltic particles weather both
physically and chemically so that it will be possible to apply traditional sedimentological concepts, such as
sediment maturity, to understanding aeolian processes on Venus and Mars. It may also be possible to
characterize sediment maturity and provenance through remote sensing data once we have a better
understanding of basaltic sediments. Although there have been a variety of dune forms identified on the
surfaces of the other terrestrial planets, the only dune form found on all of them is linear dunes. Even though
linear dunes are the most common dune forms on Earth, we currently have a poor understanding as to how
they are formed, and additional work is needed to understand these features.
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with theoretical modeling and wind tunnel
experiments. In particular, Earth analogs are
increasingly important as our knowledge of the
similarities and differences between aeolian pro-
cesses and dune forms on the other planets con-
tinues to grow. Thus, researchers who specialize
in terrestrial aeolian processes or who investi-
gate terrestrial dune forms can provide valuable

| Introduction

Aeolian processes have significantly modified
the surfaces of all the terrestrial planets that have
appreciable atmospheres, including the Earth,
Mars, Venus, and Saturn’s moon Titan. This
progress report presents an overview of the latest
planetary geomorphic studies characterizing
aeolian processes on extraterrestrial surfaces,
and builds on a previous progress report pre-
sented by Tooth (2009). While these studies are
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conducted using imagery and remote sensing
data returned from orbiting spacecraft and land-
ers, our understanding of planetary aeolian pro-
cesses is based largely on Earth analogs coupled
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input into our understanding of extraterrestrial
surface processes. Three areas where Earth ana-
logs are extremely relevant are discussed, includ-
ing studies of basaltic dune fields, laboratory
analyses, and the formation of linear dunes. It is
hoped that the summary presented here may gen-
erate some interest by the terrestrial geoscience
community into investigating aeolian processes
on the other planets.

Il Current understanding
| Venus

Because of the thick carbon dioxide atmosphere
the pressure at the surface of Venus is ~90 atm
(9000 kPa), which is equivalent to conditions
experienced at a depth of 900 m in sea water
on the Earth. Despite the extreme differences
compared to typical terrestrial surface condi-
tions, there are theoretical (Iversen et al., 1976)
and empirical data indicating that aeolian pro-
cesses are possible on Venus. In fact, wind tun-
nel simulations show that the threshold velocity
of'a 75 mm particle is only ~0.28 cm/sec, indi-
cating that large amounts of material could be
easily transported on Venus (Greeley et al.,
1984). Basically, the enormous atmospheric
pressure at the surface of Venus should allow
even large particles to be transported with a
slight breeze. However, the direct evidence for
aeolian features on Venus is limited.
Basilevsky etal. (1985) suggest that small bed-
forms and layered rocks imaged by the Venera
landers were formed by aeolian processes. Orbital
radar data from the Magellan spacecraft indicate
that wind streaks are frequently associated with
impact craters and some tectonically deformed
terrains, both of which may provide the source for
fine-grained materials (Greeley et al., 1992). Lin-
ear wind streaks having a length to width ratio
>20:1 are the most common and widespread aeo-
lian feature on the planet (Greeley et al., 1992,
1995). There are also putative yardangs on
Venus, which occur in a field ~40,000 km?
in size, 300 km southeast of Mead crater

Figure |. Some examples of linear features on Venus
thought to have resulted from aeolian processes. (A)
Examples of radar-bright and radar-dark wind streaks
centered at 15°N, 60.43°E. Magellan spacecraft radar
illumination is from the left at an incidence angle of
46°. (B) The radar-dark linear features in this figure are
putative yardangs. Magellan spacecraft radar illumina-
tion is from the left at an incidence angle of 46°. Note

the scale bars at the bottom left of each image.
Source: From Weitz (1993)

(9°N, 60.5°E). These features are 25 km long by
0.5 km wide on average, with a spacing of
0.5-2 km (Greeley et al., 1992, 1995). They
appear to differ from linear wind streaks in that
they have sharply defined margins and do not ori-
ginate from any topographic feature. However,
the resolution of the Magellan images is limited,
and interpretation of these features as yard-
angs is complicated by the interfingering of
bright and dark wind streaks throughout the
region (Greeley et al., 1992). It is possible
that the spaces between these features, which
have been interpreted as erosional grooves
(Greeley et al., 1992, 1995), are actually swales
separating linear dunes.

Only two dune fields have been positively
identified on Venus (Greeley et al., 1992, 1995;
Weitz, 1993). The first is centered at 25°S,
340°E, ~ 100 km north of the 65 km diameter
impact crater Aglaonice, and covers ~ 1300
km?. The dunes in this field are 0.5-5 km long,
and neighboring wind streaks indicate that the
dunes are oriented transverse to the westward
flow of the wind (Figure 1). The source of these
dunes appears to be sediments from an ejecta out-
flow channel that was generated by the formation
of an impact crater (Greeley et al., 1995). A
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second, larger dune field is Fortuna-Meshkenet
located in a valley beween Ishtar Terra and
Meshkenet Tessera and covering ~ 17,000 km?.
Local wind streaks indicate that the dunes are also
oriented transverse to prevailing winds toward
the west (Greeley et al., 1995). Comparison of
images taken eight months apart reveals that
there was no dune movement in the Fortuna-
Meshkenet dune field over this timeframe (Weitz,
1993); however, movement may have been below
the image resolution of ~ 120 m.

Given that it may be unlikely that dune move-
ment would occur over spatial scales sufficient
to be visible in Magellan radar data (i.e. scales
of hundreds of meters), Weitz et al. (1994)
compared Magellan radar imagery collected
from cycle 1 and 2, with differing viewing geo-
metries. In some areas, differences in bright
and dark regions on the surface were apparent
when the data from the two cycles were com-
pared. Weitz et al. (1994) concluded that Bragg
scattering or subpixel reflections from the slip-
faces of microdunes could account for the dif-
ferences in radar brightness, and suggested that
microdunes may be present in parts of the
Southern Hemisphere of Venus, including near
Stowe, Guan, Daosheng, and Eudocia craters,
which could act as sources of fine-grained
material.

It is interesting that more aeolian features
have not been found on Venus given the capac-
ity of the atmosphere to transport sediments
(Greeley etal., 1984). Potentially, surface weath-
ering is slow and does not generate many sand-
sized particles. Some other process, such as
impact cratering, may be necessary to comminute
the necessary particles. This seems logical given
the close association many aeolian features have
with craters or tectonic features (Greeley et al.,
1992, 1995; Weitz, 1993). Additionally, dunes
can only be identified in radar data under limited
viewing geometries (Blom and Elachi, 1981,
1987), and it is possible that the Magellan
viewing geometries and resolution are not capa-
ble of identifying all the aeolian features that may

exist on Venus (Greeley et al., 1995, Weitz et al.,
1994).

2 Mars

For over a century we have had indirect evidence
of the importance of aeolian processes on Mars.
Historical telescopic observations showed that
dark features on the Martian surface waxed and
waned with the seasons (e.g. Kahn et al., 1992).
Originally this was interpreted to be the result of
vegetation undergoing seasonal cycles similar to
vegetation in temperate zones on the Earth (Gal-
lant and Hess, 1956). With the advent of space-
craft data, however, it became apparent that dust
from global storms, which occur fairly fre-
quently during Southern Hemisphere summer
(Hartmann and Raper, 1974; Kahn et al.,
1992), were simply hiding dark albedo markings
on the surface. Although there is abundant evi-
dence in the form of valley networks, outflow
channels and modified impact craters indicating
that the early history of Mars supported rainfall
and surface runoff (Craddock and Howard,
2002), aeolian processes have been a persistent
geologic agent for the last 3—4 billion years
(Carr, 2006), and the evidence for aeolian pro-
cesses is ubiquitous at all scales from orbital data
(e.g. Edgett and Christensen, 1994) to lander
images (e.g. Greeley et al., 2004).

Mars exhibits many of the same dune forms
as seen on the Earth, including barchan, trans-
verse, yardangs, as well as star and climbing
dunes (Bourke, 2010; Chojnacki et al., 2010;
Fenton et al., 2005; Greeley et al., 1999; Zimbel-
man and Griffin, 2010). Also, perhaps some of
the most interesting images returned by the Mars
Exploration Rovers show a series of large dust
devils advancing across the surface (Greeley
et al., 2006). Although not as common, seif and
linear dunes have also been recognized (Edgett
and Blumberg, 1994; Lee and Thomas, 1995).
Many dunes are located in the floors of impact
craters where sediment could accumulate
(Figure 2). Perhaps one of the most significant
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Figure 2. Examples of linear dunes found in an
impact crater in Noachis Terra on Mars. The reddish
material is probably dust that has concentrated on
the northeast-facing slopes. Large boulders can be
seen in the dune swales. This image is approximately
500 m across, is centered at 42.66°S, 38.02°E, and

has a resolution of 0.25 m/pixel.
Source: HiRISE image ESP_016036_1370

developments to be made recently is the ability
to determine sediment provenance and pathways
on Mars, which is possible because of the variety
of high-resolution images that are available. The
High Resolution Stereo Camera (HRSC) with a
spatial resolution of ~ 10 m/pixel (Neukum and
Jaumann, 2004) and the Mars Context Camera
(CTX) with a resolution of ~6 m/pixel (Malin
etal., 2007) can provide the spatial coverage and
resolution necessary to identify and characterize
major dune fields along with their potential
sources. In addition, the High Resolution Ima-
ging Science Experiment (HiRISE) camera with
a spatial scale of 25-32 cm/pixel (McEwen
et al., 2007) and the Mars Observer Camera with
a resolution of 1.4 m/pixel (Malin et al., 1991)
provide the detail necessary to observe small
characteristics of individual dunes. Using these
data, Silvestro et al. (2010) were able to were
able to analyze the nature of complex dune field
patterns located in Aonia Terra (52°S, 292.5°E)
in the Thaumasia Quadrangle (MC-25) and
determine that there were at least two episodes
of dune construction, indicating that the local

wind regimes changed over time. They also
provided some of the first evidence of distant
sediment transport on Mars (tens of kilometers)
and identified the source areas as layered mate-
rials exposed in pits and crater walls.

High-resolution imagery has also provided
some of the first evidence for recent dune move-
ment on Mars. Silvestro and Fenton (2011) have
begun a systematic search to identify areas of
active sand transport outside of the polar regions
(+65° latitude) beginning with an analysis of
dune fields in the Arabia Terra region of Mars.
Using HiRISE images they found four sites
where active sand transport appears to be occur-
ring. The evidence is subtle, and most of the
areas showing changes are less than a few meters
in size. However, such observations are impor-
tant for understanding physical processes on the
surface. Results from such efforts will also lead
to a better understanding of the current Martian
climate and wind regimes.

3 Titan

Because sunlight is so faint at Saturn, it was orig-
inally thought that there would not be enough
energy from solar insolation to drive surface
winds, and thus Titan would not have any active
aeolian processes (Lorenz et al., 2006). How-
ever, climatic models suggest that the tidal pull
by Saturn generates pressure variations in Titan’s
atmosphere capable of driving near-surface
winds (Tokano and Neubauer, 2002). Titan has
a methane-rich atmosphere with a surface pres-
sure of ~ 1.5 atm (146.7 kPa); coupled with a low
gravity (0.14 g), this results in a threshold wind-
speed of only ~ 10 cm/s necessary to move an
average sand-sized particle (Lancaster, 2006).
Observations from the Cassini spacecraft’s
Radio Detection and Ranging (RADAR) instru-
ment, which has a resolution similar to the
Magellan spacecraft’s radar images of Venus
(Lorenz et al., 2001), show radar dark parallel
features (Figure 3) that appear to be linear
dunes (Lorenz et al., 2006). These features are
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Figure 3. Some of the linear dunes on Titan can be
seen in this Cassini radar mapper image. The image is
centered near 19.2°S, 257.4°W, and covers an area
of 220 by 170 km. North is approximately toward
the top of the image, the radar illumination is from
the right, and the incidence angle is ~25°. The ver-
tical stripe across the image at its center is a process-

ing artifact.
Source: Cassini radar image PIA11802

~ 100-150 m high, have slopes of 6-10° (Lorenz
et al, 2006), are tens of kilometers long
(Radebaugh etal., 2008), and resemble terrestrial
linear dunes in all respects (Lancaster, 2006; Lor-
enz et al., 2006; Radebaugh et al., 2008, 2010).
However, Titan is an icy satellite, and instead
of consisting of quartz-rich sediments, the dunes
on Titan are most likely composed of ice parti-
cles that were eroded from precipitation and run-
off of liquid methane (Lorenz et al., 2006) or
they consist of hydrocarbon particles that were
generated by photochemistry in Titan’s strato-
sphere and that simply accumulated over time
(Wahlund et al., 2009; Yung et al., 1984).
Although the radar survey of Titan’s surface

is not complete, it appears that the linear dunes
are ubiquitous in the equatorial region between
+30° latitude (Radebaugh et al., 2008), possi-
bly due to Titan’s global atmospheric circula-
tion pattern (Lorenz and Radebaugh, 2009;
Radebaugh et al., 2008). Interestingly, the
slope orientations of the dunes suggests that
they are being driven by westerly winds (Lor-
enz et al., 2006), which is opposite to the wind
directions predicted by global climatic models
(Tokano and Neubauer, 2002). However, more
recent models of global circulation that were
integrated over an entire year on Titan sug-
gests that there may be occasionally fast, tur-
bulent westerlies initiated by the equinoctial
passage of the intertropical convergence zone
around the equator (Tokano, 2010).

The discovery of linear dunes on Titan has
several important implications for understand-
ing aeolian processes in planetary environments.
Dunes have now been recognized on all terres-
trial planets that have an appreciable atmo-
sphere, and aeolian processes are now known
to be literally universal in several meanings of
the word. Generation and transport of sediment
appears to be a basic geologic process on plane-
tary surfaces. Aeolian processes also adjust to
the environment and occur in a range of atmo-
spheric pressures and compositions as well as
variations in surface gravities. It is interesting
to note, however, that the only dune forms that
appear to be ubiquitous are linear dunes.

I1l Terrestrial analog studies

Terrestrial analogs represent places on the Earth
that, in some respect, approximate the geologi-
cal or environmental conditions thought to occur
on another planetary surface either today or
sometime in the past. Analog studies are impor-
tant for providing the ground truth for interpret-
ing data returned by spacecraft. Results from
analog studies can often improve our under-
standing of geologic processes here on the Earth,
and they are a useful way to test models
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developed to explain the formation of terrestrial
features or processes. Historically, analog stud-
ies have also been used to support astronaut
training (El-Baz, 2011), and have been impor-
tant for developing and testing exploration tech-
nologies, such as the Mars Exploration Rovers
(Cook, 2005). Léveillé (2010) provides a useful
summary of analog studies that have taken place
over the last 50 years. In particular, there are
three areas of research that promise to increase
our understanding of aeolian processes on the
terrestrial planets, especially in regard to Mars.

| Weathering of basaltic materials

Dunes composed of volcaniclastic sediments
are found on Venus and Mars. Specifically, the
Venusian and Martian dunes are derived from
basaltic materials, which consist of olivine,
pyroxene, feldspar, and both lithic and vitric
fragments. In contract, terrestrial dunes are
typically composed of quartz-rich sand, but in
some rare instances they may also be composed
of gypsum (Szynkiewicz et al., 2010), carbonates
(Fletcher et al., 2005), or clay aggregates (Dare-
Edwards, 1984). Edgett and Lancaster (1993)
recognized that dunes composed of reworked
volcaniclastic sediments make up a rare but
important additional composition class of terres-
trial dunes. There are only a few places on Earth
where dunes are also derived from a basaltic pro-
venance, including parts of the western United
States, New Zealand, Iceland, and Hawaii
(Edgett and Lancaster, 1993). To date, studies
of these basaltic dunes have been limited.
Edgett (1994) conducted field studies and
an analysis of Thermal Infrared Multispectral
Scanner (TIMS) data for the Shifting Sand
Dunes of Christmas Valley, Oregon. He showed
that differences in thermal emissivity, which
relates to the physical characteristics of the sedi-
ment, can be useful in differentiating active from
inactive dune sand as well as in distinguishing
interdune surfaces. He suggests that additional
infrared spectra of basaltic materials would be

useful in constraining Martian remote sensing
data. As discussed below, utilizing multispectral
data for determining the provenance of sedi-
ments on Mars is promising (e.g. Tirsch, 2009).

More recent work on basaltic dunes has been
conducted in Iceland by Baratoux et al. (2007)
and Mangold et al. (2010). They show that sedi-
ments deposited as the Langjokull glacier
retreats are transported by katabatic and prevail-
ing winds downslope to ~ 8 km away. Abrasion
of local Eldborgir lava flows by the saltating
sand increases the amount of material available
for transport. Eventually olivine is preferentially
sorted so that it increases in abundance down-
wind across the sand sheet. These results suggest
that similar to quartz-rich sediment variations in
the composition of the basaltic material may be
used as a way of inferring maturity and transport
distances.

One of the largest basaltic dune fields on
Earth is in the Ka’u Desert of Hawaii. Gooding
(1982) analyzed some of the materials in this
area and determined that the sand was derived
largely from the Keanakako’i tephra formation,
which is a sequence of ash and tephra that has
been deposited from periodic phreatic eruptions
that Kilauea volcano has experienced over the
last 2000 years (Fiske et al., 2009). Gooding
(1982) suggested that the material in the dunes
he sampled were too well-sorted to have
been emplaced directly from a base surge
(Christiansen, 1979). This is important because
it implies that the dunes in the Ka’u Desert were
formed by aeolian processes and not directly by
volcanic processes, and is thus one of the few suit-
able terrestrial analogs for understanding basaltic
dunes on the other planets.

Many questions about basaltic sediments
remain. For example, how does basaltic material
change physically and chemically during trans-
port? What mineralogy can be used to determine
provenance or transport distance? In the
absence of quartz sand, what are the most
reliable mechanisms for age-dating basaltic (vol-
caniclastic) dunes? How do the characteristics of
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basaltic sand differ between fluvial, glacial, or
aeolian sediment transport? Addressing such
questions through terrestrial analog studies of
basaltic dunes here on Earth could improve our
understanding about aeolian processes on the ter-
restrial planets as well as the nature of dunes seen
on Venus and Mars.

2 Laboratory analyses

Hyperspectral visible and near-infrared (VNIR)
data of Mars have been collected by the
Thermal Emission Spectrometer (TES) on Mars
Global Surveyor (Christensen et al., 2001), the
Observatoire pour la Minéralogie, I’Eau, les
Glaces et I’ Activité (OMEGA) spectrometer on
Mars Express (MEX) (Bibring et al., 2005), and
Mars Reconnaissance Orbiter (MRO)/Compact
Reconnaissance Imaging Spectrometer for
Mars (CRISM) (Murchie et al., 2007). TES
collected two types of data, hyperspectral
thermal infrared data from 6 to 50 micro-
meters (um), and bolometric visible-NIR
(0.3 to 2.9 pm) measurements at a spatial res-
olution of 3 km. OMEGA acquires spectra in
352 contiguous channels covering 0.35-5.1
pm with a spatial resolution of 300 m to
4.8 km (Bibring et al., 2005) while CRISM
collects ~10 km wide images from 0.36—
3.9 um at 18 m/pixel in the high-resolution
targeted mode (Murchie et al., 2009). Among
the many exciting discoveries made by these
instruments is the identification of both Al-
bearing and Fe-bearing phyllosilicates (Bibring
etal., 20006; Poulet et al., 2005) in the older terrain
on Mars, suggesting that deep chemical weather-
ing occurred early in that planet’s history (Bibring
et al., 2006), which could also be an important
process for producing fine-grained material
suitable for aeolian transport (Craddock and
Howard, 2002).

OMEGA/CRISM have also been used to map
the distribution of Al- and Ca-bearing pyroxenes
and olivine minerals (Mustard et al., 2005). The
results from these instruments compare well in

general to the mineral maps made using TES
over larger footprints (Christensen et al.,
2001). There is a great deal of work needed to
determine the composition of aeolian sand from
these data. Most of the sand is mafic (Fenton
et al., 2003; Poulet et al., 2008; Rogers and
Christensen, 2003; Stockstill-Cahill et al.,
2008; Tirsch, 2009; Tirsch et al., 2011) ranging
from a Type 1 surface composition (Bandfield
et al., 2000), which has a spectrum similar to
basalt, to a Type 2 surface composion, which has
been interpreted as basaltic andesite (Bandfield
et al., 2000) or a basalt containing clay minerals
(Wyatt and McSween, 2002) or amorphous
silica (Kraft et al., 2003). Interestingly, OMEGA
data have also shown evidence for dunes com-
posed of gypsum in the northern polar erg (Fish-
baugh et al.,, 2007; Langevin et al., 2005;
Szynkiewicz et al., 2010).

There are also a number of recent studies that
suggest VNIR data can be useful for determining
the provenance of aeolian sand on Mars. For
example, Stockstill-Cahill et al. (2008) used var-
iations in mineral abundances observed in TES
multispectral data to determine the provenance
of dark dunes found in Amazonis Planitia cra-
ters. They determined that dark deposits proba-
bly resulted from aeolian erosion of local
basaltic lava flows and were subsequently redis-
tributed within the floors of these craters. Tirsch
et al. (2011) used OMEGA and CRISM data to
show that dark dune materials located in many
Martian craters originated from layered basaltic
materials exposed in the walls or floors of these
craters. Given that similar spectra were observed
in 70 different locations distributed across the
planet, they suggest that the source of the dune
sand may be from a global layer of ash that may
have been deposited from a large explosive
eruption sometime in the past.

In terrestrial dune studies the amount of quartz
present is often used as a way of determining
mineralogical maturity (Blatt et al., 1972; Muhs
etal., 1995). As mentioned previously, the study
by Mangold et al. (2010) suggests that olivine
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abundances may be useful for determining
mineralogical maturity in volcaniclastic systems.
A number of investigators have conducted
laboratory analyses to determine how volcaniclas-
tic deposits weather both mechanically and chemi-
cally, while acquiring spectra to better understand
the remote sensing data we have for Mars.

For example, it has been suggested that
palagonitic tephra from Hawaii volcanoes are
good spectral analogs for Martian soil and dust
because of their general similarities at visible
to near-infrared wavelengths (VNIR, ~0.35—
2.5 um) (Adams et al., 1986; Bell et al., 1993;
Bishop et al., 1998, 2007; Evans and Adams,
1979; Hamilton et al.,, 2008; Morris et al.,
1990, 1993, 1996; Singer, 1982). Laboratory
analyses of the Keanakako’i tephra (Schiffman
et al., 2000, 2002) indicate that palagonization
occurs in response to hydrothermal alteration
and is typically isolated to caldera-boundary
faults. During palagonization the tephra devel-
ops a quasi- or nano-crystalline rind containing
smectite and other clays that eventually results
in consolidation of the tephra. Pedogenic weath-
ering also occurs, and the resulting products
reflect the local environmental conditions
(Schiffman et al., 2000). Under acidic conditions
(pH <6.0) the tephra undergoes dissolution and
develops opaline crusts on exposed surfaces.
Under neutral conditions (pH = 6.5-7.8) the
resulting pedogenic product is dominantly
smectite in areas where the mean annual rainfall
is <50 cm/yr and dominantly kaolinite, allo-
phane and imogolite where the mean rainfall
>250 cm/yr. Such analyses are important for
characterizing the phyllosilicates found on Mars
(Bishop et al., 2008; McKeown et al., 2009).

Analyses of tephra from Haleakala, Maui,
indicate that the unaltered tephra are composed
of feldspar, glass, pyroxene, and olivine, and
alteration products include Fe-oxides, phyllosili-
cates, and sulfates, as well as amorphous Al-Si-
bearing material as shown by selected area
electron diffraction (SAED) (Bishop et al,
2007). Hamilton et al. (2008) collected visible

to near-infrared (VNIR, 0.35-2.5 um) and
middle-infrared (MIR, 1800-250 cm’™) spectra
of basaltic tephras from Mauna Kea volcano that
were altered under ambient, hydrothermal, and
dry heat conditions. They found that while
MIR spectra of altered tephras identified major
alteration phases (cristobalite, oxide, phyllosili-
cate, and sulfate), the comparison of the tephra
spectra (<45 um fraction) to dust spectra
retrieved from Mars Global Surveyor and Mars
Exploration Rover instruments did not provide
good spectral matches. Instead, they found that
the best MIR match is a tephra that has a
strong plagioclase feldspar transparency feature
and was altered under dry, high-temperature,
oxidizing conditions. However, this sample was
not a good VNIR analog and is not a process
analog, but it emphasizes the mineralogical
importance of plagioclase feldspar in Martian
dust (Bandfield and Smith, 2003).

In fact, to date no single tephra has been
found to be a good spectral analog across the
VNIR and MIR spectrum, and none of the
tephra samples examined are ideal matches
to Martian spectra at all wavelengths. How-
ever, spectral features have been observed to
vary with decreased temperature and pressure
and spectral features attributable to H,O are
visible (Bishop et al., 2007; Hamilton et al.,
2008). It is possible that basaltic materials col-
lected from other localities may have spectral
signatures that more closely match those from
Mars. More importantly, studies to date have
only analyzed material that has been altered
in situ. It is likely that sediment transport
would affect the bulk composition of Martian
surface materials. For example, the plagioclase
feldspar component observed in the Martian
dust (Bandfield and Smith, 2003) may reflect the
stability or preferential selection of this mineral
following aeolian transport. Laboratory analyses
of basaltic materials that have been physically
transported by aeolian (and fluvial) processes
may help us better understand and interpret
remote sensing data from the terrestrial planets.
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Figure 4. Linear dunes in the Simpson Desert as
seen by an aircraft. These dunes are oriented
towards the northwest, are 1040 m in height and
can be from one to several hundred kilometers in
length (Craddock et al., 2010). Interdune spacing is
typically between 100 m and 1.5 km and varies as a

function of height (Ambrose et al., 2002).
Source: Photograph by Robert A. Craddock

3 Linear dunes

Linear dunes appear to be the only dune form
that occurs on all the terrestrial planets with an
atmosphere, including Venus, Mars, and Titan.
On Earth they are the most common dune form,
accounting for nearly 40% of all dunes (Bristow
et al., 2000; Lancaster, 1982). Linear dunes
(Figure 4) are characterized by their straight to
irregularly sinuous, elongated shape. Typically
the width of a linear dune is only a few tens of
meters or less, but the length of an individual
dune can often exceed many tens to hundreds
of kilometers. Generally they are found in
semi-arid to arid regions where the regional
wind speeds and directions are highly variable.
Despite their common occurrence, it is still
not clear how they form. Currently there are
three possible models for linear dune formation:

a Linear extension. Twidale and Wopfner (1990)
suggest that sand is derived from a single source
downwind of the dune field and is transported

over great distances as the linear dunes grow
forward along the snout. The sand located in the
swales is either blown off existing dunes or sim-
ply has not yet been incorporated into a dune.

b Wind-rift. There are two slightly different
wind-rift models, but both imply that the dune
sand was derived locally and then transported
over short distances. King (1960) suggested that
linear dunes accrete vertically and uniformly
along the length of the dune. Alternatively, Pell
et al. (1999, 2000) suggested that sand is depos-
ited only in the lee of the advancing dune snout.
The morphology of the dune advances down-
wind, but the sand is not transported any great
distances.

¢ Lateral migration. This is the latest theory borne
out by studies of dunes in the Namib Desert
(Bristow et al., 2007a) and in the Camel Flat
basin within the Simpson Desert (Hollands
et al., 2006). This theory supports dune forma-
tion primarily from vertical accretion of locally
derived sand. However, it suggests that linear
dunes also migrate laterally over time and
smaller dunes eventually coalesce into larger
ones.

Linear dunes represent some of the largest
dune forms on any planet, which is one of the
reasons a unique solution to their formation has
not been realized. For example, it is difficult to
place any constraints on the age, composition,
and stratigraphy of a linear dune over its entire
length, which can often exceed a few hundred
kilometers. Additionally, ground-penetrating
radar studies (Bristow et al., 2000, 2007b) and
luminescence age-dating (Hollands et al,
2006; Munyikwa et al., 2000) indicate that linear
dunes are composite structures that are probably
the result of multiple episodes of aeolian activ-
ity. It is not clear how the stratigraphy of linear
dunes may relate to past climates or wind
regimes. Whether linear dunes form in a
bidirectional wind regime (Lancaster, 1982;
Parteli et al., 2009) or helical roll vortices (e.g.
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Tseo, 1993) will also influence the preservation
of stratigraphy and the record of climatic changes
(Munyikwa, 2005), and in places such as central
Australia vegetation has also perturbed the upper
meter of sand, increasing the difficulty of placing
age-dates and climatic constraints on linear dune
formation (Bristow et al., 2007b). More research
is needed to understand the formation process of
linear dunes and to provide constraints on their
physical properties (e.g. grain size and stratigra-
phy). Additionally, the effects physical properties
have on remote sensing signatures in VNIR, ther-
mal, and microwave wavelengths must also be
assessed in order to better relate our understand-
ing of terrestrial linear dunes to the other planets
(Titus et al., 2008).

IV Summary

Given the increasing amount of high-resolution
imagery for Mars, the fidelity of the data being
returned for Titan, and the availability of data for
Venus, our understanding of aeolian processes
has entered into a new golden age of exploration
and discovery. Terrestrial geoscientists have a
unique opportunity to apply their knowledge and
skills to dune forms and aeolian processes on
these other planets. In particular, this progress
report discusses three areas of Earth analog stud-
ies which could potentially provide important
results. For a broader perspective, there are also
several recent papers that provide a more
community-based consensus of important future
research directions (Bourke et al., 2010; Fenton
et al., 2010; Titus et al., 2010). Obviously, the
aeolian processes discussed here occur in open
systems, so the concept of equifinality is an
important consideration. However, perhaps the
greatest benefit of conducting Earth analog stud-
ies is that they offer a mechanism for testing a
variety of hypotheses. Simply stated, any
hypothesis for explaining the formation of a dune
or some aspect of sediment transport on Earth,
for example, should also be applicable to the sur-
face of another planet. Results from planetary

geological studies will ultimately increase our
understanding of terrestrial processes as well.

Acknowledgements

This manuscript has benefited from many useful
discussions with Lori Fenton, Ron Greeley, Alan
Howard, Ross Irwin, Nick Lancaster, Ted Maxwell,
Gerald Nanson, Rob Sullivan, and Jim Zimbelman
through the years. I thank Tim Warner, Matt Balme,
and two anonymous reviewers for their thorough and
constructive reviews.

Funding

Support for the research that is presented in part has
come from NASA’s Mars Fundamental Research
Program Grant NNX09AC27G and funds from the
George F. Becker Endowment at the Smithsonian
Institution.

References

Adams JB, Smith MO, and Johnson PE (1986) Spectral
mixture modeling: A new analysis of rock and soil
types at the Viking Lander 1 site. Journal of Geophysi-
cal Research 91: 8098-8112.

Ambrose GJ, Liu K, Deighton I, Eadington PJ, and Bore-
ham CJ (2002) New models in the Pedirka Basin
Northern Territory Australia. Australian Petroleum
Production and Exploration Association (APPEA)
Journal 41: 139-163.

Bandfield JL and Smith MD (2003) Multiple emission
angle surface-atmosphere separations of thermal emis-
sion spectrometer data. Icarus 161: 47-65.

Bandfield JL, Hamilton VE, and Christensen PR (2000) A
global view of Martian surface compositions from
MGS-TES. Science 287: 1626—1630.

Baratoux D, Mangold N, Arnalds O, Gregoire M, Platvoet B,
Bardinzeff J-M, et al. (2007) Formation transportation
and mineralogical evolution of basaltic sands on Earth
and Mars. Seventh International Conference on Mars.
Houston, TX: Lunar and Planetary Institute, 3048.

Basilevsky AT, Kuzmin RO, Nikolaeva OV, Pronin AA,
Ronca LB, Avduevsky VS, et al. (1985) The surface of
Venus as revealed by the Venera landings: Part II. Geo-
logical Society of America Bulletin 96(1): 137-144.

Bell JF III, Morris RV, and Adams JB (1993) Thermally
altered palagonitic tephra: A spectral and process ana-
log to the soils and dust of Mars. Journal of Geophysical
Research 98: 3373-3385.

Downloaded from ppg.sagepub.com by guest on January 20, 2012


http://ppg.sagepub.com/

120

Progress in Physical Geography 36(1)

Bibring J-P, Langevin Y, Gendrin A, Gondet B, Poulet F,
Berthé M, et al. (2005) Mars surface diversity as
revealed by the OMEGA/Mars Express observations.
Science 307: 1576-1581.

Bibring J-P, Langevin Y, Mustard JF, Poulet F, Arvidson
R, Gendrin A, et al. (2006) Global mineralogical and
aqueous Mars history derived from OMEGA/Mars
Express data. Science 312: 400-404.

Bishop JL, Froschl H, and Mancinelli RL (1998) Altera-
tion processes in volcanic soils and identification of
exobiologically important weathering products on
Mars using remote sensing. Journal of Geophysical
Research 103: 31457-31476.

Bishop JL, Noe Dobrea EZ, McKeown NK, Parente M,
Ehlmann BL, Michalski JR, et al. (2008) Phyllosilicate
diversity and past aqueous activity revealed at Mawrth
Vallis Mars. Science 321: 830-833.

Bishop JL, Schiffman P, Murad E, Dyar MD, Drief A,
and Lane MD (2007) Characterization of alteration
products in tephra from Haleakala Maui: A
visible-infrared spectroscopy Mossbauer Spectro-
scopy XRD EMPA and TEM study. Clays and Clay
Minerals 55: 1-17.

Blatt H, Middleton G, and Murray R (1972) Origin of Sedi-
mentary Rock. Englewood Cliffs, NJ: Prentice-Hall.

Blom R and Elachi C (1981) Spaceborne and airborne ima-
ging radar observations of sand dunes. Journal of Geo-
physical Research 86: 3061-3073.

Blom R and Elachi C (1987) Multifrequency and multipo-
larization radar scatterometry of sand dunes and com-
parison with spaceborne and airborne radar images.
Journal of Geophysical Research 92: 7877-7889.

Bourke MC (2010) Barchan dune asymmetry: Observa-
tions from Mars and Earth. Icarus 205(1): 183-197.

Bourke MC, Lancaster N, Fenton LK, Parteli EJR, Zimbel-
man JR and Radebaugh J (2010) Extraterrestrial dunes:
An introduction to the special issue on planetary dune
systems. Geomorphology 1211(1): 1-14.

Bristow CS, Bailey SD, and Lancaster N (2000) The
sedimentary structure of linear sand dunes. Nature
406: 56-59.

Bristow CS, Duller GAT, and Lancaster N (2007a) Age
and dynamics of linear dunes in the Namib Desert.
Geology 35: 555-558.

Bristow CS, Jones BG, Nanson GC, Hollands C, Coleman
M, and Price DM (2007b) GPR surveys of vegetated
linear dune stratigraphy in central Australia: Evidence
for linear dune extension with vertical and lateral

accretion. In: Baker GS and Jol HM (eds) Stratigraphic
Analyses Using GPR. Geological Society of America
Special Paper 432: 19-33.

Carr MH (2006) The Surface of Mars. Cambridge:
Cambridge University Press.

Chojnacki M, Moersch JE, and Burr DM (2010) Climbing
and falling dunes in Valles Marineris Mars. Geophysi-
cal Research Letters 37: L08201.

Christensen PR, Bandfield JL, Hamilton VE, Ruff SW,
Kieffer HH, Titus TN, et al. (2001) Mars Global Sur-
veyor Thermal Emission Spectrometer experiment:
Investigation description and surface science results.
Journal of Geophysical Research 106: 823-871.

Christiansen RL (1979) Explosive eruption of Kilauea vol-
cano in 1790. In: Hawaii Symposium on Intraplate Vol-
canism and Submarine Volcanism, Hilo Hawaii, 16-22
July, 158.

Cook RA (2005) The Mars exploration rover project. Acta
Astronautica 572(8): 116—-120.

Craddock RA and Howard AD (2002) The case for rainfall
on a warm wet early Mars. Journal of Geophysical
Research — Planets 107(E11): 5111.

Craddock RA, Hutchinson MF, and Stein JA (2010) Topo-
graphic data reveal a buried fluvial landscape in the
Simpson Desert Australia. Australian Journal of Earth
Sciences 57: 141-149.

Dare-Edwards AJ (1984) Aeolian clay deposits of south-
eastern Australia: Parna or loessic clay? Transactions
of the Institute of British Geographers 9(3): 337-344.

Edgett KS (1994) The sand component of the modern Mar-
tian aeolian sedimentary system. Unpublished doctoral
thesis, Arizona State University, Tempe, Arizona.

Edgett KS and Blumberg DG (1994) Star and linear dunes
on Mars. Icarus 112(2): 448-464.

Edgett KS and Christensen PR (1994) Mars aeolian sand:
Regional variations among dark-hued crater floor fea-
tures. Journal of Geophysical Research 99: 1997-2018.

Edgett KS and Lancaster N (1993) Volcaniclastic aco-
lian dunes: Terrestrial examples and application to
Martian sands Journal of Arid Environments 25:
271-297.

El-Baz F (2011) Training Apollo astronauts in lunar orbital
observations and photography. In: Garry WB and
Bleacher JE (eds) Analogs for Planetary Exploration.
Geological Society of America Special Paper,
forthcoming.

Evans DL and Adams JB (1979) Comparison of Viking
Lander multispectral images and laboratory reflectance

Downloaded from ppg.sagepub.com by guest on January 20, 2012


http://ppg.sagepub.com/

Craddock

121

spectra of terrestrial samples. In: Proceedings of the 10th
Lunar and Planetary Science Conference, 1829—1834.

Fenton LK, Bandfield JL, and Ward AW (2003) Aeolian
processes in Proctor Crater on Mars: Sedimentary his-
tory as analyzed from multiple data sets. Journal of
Geophysical Research 108: E125129.

Fenton LK, Bishop MA, Bourke MC, Bristow CS, Hay-
ward RK, Horgan BH, et al. (2010) Summary of the
Second International Planetary Dunes Workshop: Pla-
netary Analogs — Integrating Models Remote Sensing
and Field Data, Alamosa, Colorado, USA, May 18-21
2010. Aeolian Research 22-23: 173-178.

Fenton LK, Toigo AD, and Richardson MI (2005) Aeolian
processes in Proctor Crater on Mars: Mesoscale model-
ing of dune-forming winds. Journal of Geophysical
Research — Planets 110: E06005.

Fishbaugh KE, Poulet F, Chevrier V, Langevin Y, and
Bibring J-P (2007) On the origin of gypsum in the Mars
north polar region. Journal of Geophysical Research
112: E07002.

Fiske RS, Rose TR, Swanson DA, Champion DE, and
McGeehin JP (2009) Kulanaokuaiki Tephra (ca. AD
400—1000): Newly recognized evidence for highly
explosive eruptions at Kilauea Volcano Hawai’i. Geo-
logical Society of America Bulletin 121: 712-728.

Fletcher CH III, Murray-Wallace CV, Glenn CR, Sher-
man CE, Popp B, and Hessler A (2005) Age and ori-
gin of late Quaternary aeolianite Kaiehu Point
(Moomomi) Molokai Hawaii. Journal of Coastal
Research 42: 97-112.

Gallant RA and Hess L (1956) Exploring Mars. Garden
City, NY: Doubleday.

Gooding J L (1982) Petrology of dune sand derived from
basalt on the Ka’u Desert Hawaii. Journal of Geology
90: 97-108.

Greeley R, Arvidson RE, Elachi C, Geringer MA, Plaut JJ,
Saunders RS, et al. (1992) Aeolian features on Venus:
Preliminary Magellan results. Journal of Geophysical
Research 97(E8): 13319-13345.

Greeley R, Binder K, Thomas PE, Schubert G, Limonadi
D, and Weitz CM (1995) Wind-related features and
processes on Venus: Summary of Magellan results.
Icarus 115: 399-420.

Greeley R, Iversen J, Leach R, Marshall J, White B, and
Williams S (1984) Windblown sand on Venus. Icarus
57: 112-124.

Greeley R, Kraft M, Sullivan R, Wilson G, Bridges N,
Herkenhoff K, et al. (1999) Aeolian features and

processes at the Mars Pathfinder landing site. Journal
of Geophysical Research 104(E4): 8573—-8584.

Greeley R, Squyres SW, Arvidson RE, Bartlett P, Bell JF 11,
Blaney D, et al. (2004) Wind-related processes detected
by the Spirit Rover at Gusev Crater Mars. Science
305(5685): 810-813.

Greeley R, Whelley PL, Arvidson RE, Cabrol NA, Foley DJ,
Franklin BJ, et al. (2006) Active dust devils in Gusev
crater Mars: Observations from the Mars Exploration
Rover Spirit. Journal of Geophysical Research 111:
E12S09.

Hamilton VE, Morris RV, Gruener JE, and Mertzman SA
(2008) Visible near infrared and middle infrared spec-
troscopy of altered basaltic tephras: Spectral signatures
of phyllosilicates sulfates and other aqueous alteration
products with application to the mineralogy of the
Columbia Hills of Gusev crater Mars. Journal of Geo-
physical Research 113: E12S43.

Hartmann WK and Raper O (1974) The New Mars.
Washington, DC: US Government Printing Office.
Hollands CB, Nanson GC, Jones BG, Bristow CS, Price DM,
and Pietsch TJ (2006) Aeolian—fluvial interaction: Evi-
dence for Late Quaternary channel change and wind-rift
linear dune formation in the northwestern Simpson Desert

Australia. Quaternary Science Reviews 25: 142—162.

Iversen J, Pollack J, Greeley R, and White BR (1976)
Saltation threshold on Mars: The effect of interparticle
force surface roughness and low atmosphere density.
Icarus 29: 381-393.

Kahn RA, Martin TZ, Zurek RW, and Lee SW (1992) The
Martian dust cycle. In: Kieffer HH, Jakosky BM, Sny-
der CW, and Matthews MS (eds) Mars. Tucson, AZ:
University of Arizona Press, 1017-1053.

King D (1960) The sand ridge deserts of South Australia
and related Aeolian landforms of the Quaternary arid
cycles. Transactions of the Royal Society of South Aus-
tralia 83: 99-109.

Kraft MD, Michalski JR, and Sharp TG (2003) Effects of
pure silica coatings on thermal emission spectra of basal-
tic rocks: Considerations for Martian surface mineralogy.
Geophysical Research Letters 30(24): 2288.

Lancaster N (1982) Linear dunes. Progress in Physical
Geography 6: 475-503.

Lancaster N (2006) Linear dunes on Titan. Science 312:
702-703.

Langevin Y, Poulet F, Bibring J-P, and Gondet B (2005) Sul-
fates in the north polar region of Mars detected by
OMEGA/Mars Express. Science 307(5715): 1584-1586.

Downloaded from ppg.sagepub.com by guest on January 20, 2012


http://ppg.sagepub.com/

122

Progress in Physical Geography 36(1)

Lee P and Thomas PC (1995) Longitudinal dunes on Mars:
Relation to current wind regimes. Journal of Geophysi-
cal Research 100: 5381-5395.

Léveillé R (2010) A half-century of terrestrial analog stud-
ies: From craters on the Moon to searching for life on
Mars. Planetary and Space Science 58(4): 631-638.

Lorenz RD and Radebaugh J (2009) Global pattern of
Titan’s dunes: Radar survey from the Cassini prime
mission. Geophysical Research Letters 36: L03202.

Lorenz RD, Elachi C, West RD, Johnson WTK, Janssen
MA, Moghaddam M, et al. (2001) Cassini Radio
Detection and Ranging (RADAR): Earth and Venus
observations. Journal of Geophysical Research 106:
30271-30279.

Lorenz RD, Wall S, Radebaugh J, Boubin G, Reffet E,
Janssen M, et al. (2006) The sand seas of Titan: Cassini
RADAR Observations of longitudinal dunes. Science
312: 724-727.

McEwen AS, Eliason EM, Bergstrom JW, Bridges NT,
Hansen CJ, Delamere WA, et al. (2007) Mars Recon-
naissance Orbiter’s High Resolution Imaging Science
Experiment (HiRISE).
Research 112: E05S02.

McKeown NK, Bishop JL, Noe Dobrea EZ, Ehlmann BL,
Parente M, Mustard JF, et al. (2009) Characterization
of phyllosilicates observed in the central Mawrth Vallis
region, Mars, their potential formational processes, and

Journal of Geophysical

implications for past climate. Journal of Geophysical
Research 114: E0O0D10.

Malin MC, Bell JF III, Cantor BA, Caplinger MA, Calvin
WM, Clancy RT, et al. (2007) Context camera investi-
gation on board the Mars Reconnaissance Orbiter.
Journal of Geophysical Research 112: E05S04.

Malin MC, Danielson GE, Ravine MA, and Soulanille TA
(1991) Design and development of the Mars Observer
Camera. International Journal of Imaging Systems and
Technology 3: 76-91.

Mangold N, Baratoux D, Arnalds O, Bardintzeff J-M,
Platevoet B, Gregoire M, et al. (2010) Segregation of
olivine grains in volcanic sands in Iceland — implications
for Mars 2008. Second International Planetary Dunes
Workshop. Houston, TX: Lunar and Planetary Institute.

Morris RV, Golden DC, Bell JF III, Lauer HV Jr, and
Adams JB (1993) Pigmenting agents in Martian
soils: Inferences from spectral Mossbauer and

magnetic properties of nanophase and other iron oxides

in Hawaiian palagonitic soil PN-9. Geochimica et

Cosmochimica Acta 57: 4597-46009.

Morris RV, Gooding JL, Lauer HV Jr, and Singer RB
(1990) Origins of Marslike spectral and magnetic
properties of a Hawaiian palagonitic soil. Journal of
Geophysical Research 95: 14427-414434.

Morris RV, Ming DW, Golden DC, and Bell JF III (1996)
An occurrence of jarosite tephra on Mauna Kea Hawaii:
Implications for the ferric mineralogy of the Martian
surface mineral spectroscopy: In: Dyar MD, McCam-
mon C, and Schaefer MW (eds) A Tribute to Roger G
Burns. Special Publication of the Geochemical Society,
5327-5336.

Muhs DR, Bush CA, Cowherd SD, and Mahan S (1995)
Geomorphic and geochemical evidence for the source
of sand in the Algodones dunes, Colorado Desert, south-
western California. In: Tchakerian VP (ed.) Desert Aeo-
lian Processes. New York: Chapman and Hall, 37-74.

Munyikwa K (2005) The role of dune morphogenetic his-
tory in the interpretation of linear dune luminescence
chronologies: a review of linear dune dynamics. Prog-
ress in Physical Geography 29(3): 317-336.

Munyikwa K, Vandenhaute P, Vandenberghe D, and de
Corte F (2000) The age and palacoenvironmental sig-
nificance of the Kalahari Sands in western Zimbabwe:
A thermoluminescence reconnaissance study. Journal
of African Earth Sciences 30: 941-956.

Murchie S, Arvidson R, Bedini P, Beisser K, Bibring J-P,
Bishop J, et al. (2007) Compact Reconnaissance Ima-
ging Spectrometer for Mars (CRISM) on Mars Recon-
naissance Orbiter (MRO). Journal of Geophysical
Research 112: E05S03.

Murchie SL, Seelos FP, Hash CD, Humm DC, Malaret E,
McGovern JA, et al. (2009) Compact Reconnaissance
Imaging Spectrometer for Mars investigation and data
set from the Mars Reconnaissance Orbiter’s primary
science phase. Journal of Geophysical Research 114:
E00DO7.

Mustard JF, Poulet F, Gendrin A, Bibring J-P, Langevin Y,
Gondet B, et al. (2005) Olivine and pyroxene diversity
in the crust of Mars. Science 307(5715): 1594-1597.

Neukum G and Jaumann R (2004) HRSC: The High Res-
olution Stereo Camera of Mars Express. In: Wilson A
(ed.) Mars Express: The Scientific Payload. Noord-
wijk, Netherlands: ESA Publications Division ESA
SP-1240: 17-35.

Parteli EJR, Duran O, Tsoar H, Schwimmle V, and
Herrmann HJ (2009) Dune formation under bimodal
winds. Proceedings of the National Academy of
Sciences 106(52): 22085-22089.

Downloaded from ppg.sagepub.com by guest on January 20, 2012


http://ppg.sagepub.com/

Craddock

123

Pell SD, Chivas AR, and Williams IS (1999) Great Vic-
toria Desert: Development and sand provenance. Aus-
tralian Journal of Earth Sciences 46: 289-299.

Pell SD, Chivas AR, and Williams IS (2000) The Simpson
Strzelecki and Tirari deserts: Development and sand
provenance. Sedimentary Geology 130: 107—130.

Poulet F, Bibring J-P, Mustard JF, Gendrin A, Mangold N,
Langevin Y, et al. (2005) Phyllosilicates on Mars and
implications for the early Mars history. Nature 438:
632-627.

Poulet F, Arvidson RE, Gomez C, Morris RV, Bibring J-P,
Langevin Y, et al. (2008) Mineralogy of Terra Meri-
diani and western Arabia Terra from OMEGA/MEx and
implications for their formation. Icarus 195: 106—130.

Radebaugh J, Lorenz R, Farr T, Paillou P, Savage C, and
Spencer C (2010) Linear dunes on Titan and earth: Initial
remote sensing comparisons. Geomorphology 121: 122—
132.

Radebaugh J, Lorenz RD, Lunine JI, Wall SD, Boubin G,
Reffet E, et al. (2008) Dunes on Titan observed by Cas-
sini Radar. Icarus 194: 690-703.

Rogers D and Christensen PR (2003) Age relationship of
basaltic and andesitic surface compositions on Mars:
Analysis of high-resolution TES observations of the
northern hemisphere. Journal of Geophysical Research
108: E45030.

Schiffman P, Southard RJ, Eberl DD, and Bishop JL (2002)
Distinguishing palagonitized from pedogenically-altered
basaltic Hawaiian tephra: Mineralogical and geochem-
ical criteria. In: Smellie JL and Chapman MG (eds)
Volcano-Ice Interaction on Earth and Mars. Geological
Society Special Publication 202. London: Geological
Society, 393-405.

Schiffman P, Spero HJ, Southard RJ, and Swanson DA
(2000) Controls on palagonitization versus pedogenic
weathering of basaltic tephra: Evidence from the con-
solidation and geochemistry of the Keanakako’i Ash
Member Kileaua Volcano. Geochemistry, Geophysics,
Geosystems 1: 2000GC000068.

Silvestro S and Fenton LK (2011) Present-day aeolian
activity in arabia terra: First results from a global map-
ping of active dune fields on Mars 1482. 42nd Lunar
and Planetary Science Conference. Houston, TX:
Lunar and Planetary Institute.

Silvestro S, Di Achille G, and Ori GG (2010) Dune
morphology sand transport pathways and possible
source areas in east Thaumasia Region Mars.
Geomorphology 121: 84-97.

Singer RB (1982) Spectral evidence for the mineralogy of
high-albedo soils and dust on Mars. Journal of Geophy-
sical Research 87: 10159-10168.

Stockstill-Cahill KR, Anderson FS, and Hamilton VE
(2008) A study of low-albedo deposits within Amazo-
nis Planitia craters: Evidence for locally derived ultra-
mafic to mafic materials. Journal of Geophysical
Research 113: E07008.

Szynkiewicz A, Ewing RC, Moore CH, Glamoclija M,
Bustos D, and Pratt LM (2010) Origin of terrestrial
gypsum dunes — Implications for Martian gypsum-
rich dunes of Olympia Undae.
121(1-2): 69-83.

Tirsch D (2009) Dark dunes on Mars — analyses on origin
morphology and mineralogical composition of the dark
material in Martian craters. Unpublished doctoral the-
sis, Freien Universitit Berlin.

Tirsch D, Jaumann R, Pacifici A, and Poulet F (2011)
Dark aeolian sediments in Martian craters: Compo-
sition and sources. Journal of Geophysical Research
116: E03002.

Titus TN, Hayward RK, and Bourke MC (2010) Interdisci-
plinary research produces results in the understanding

Geomorphology

of planetary dunes. EOS — Transactions of the Ameri-
can Geophysical Union 91(32): 281.

Titus TN, Lancaster N, Hayward R, Fenton L, and Bourke
M (2008) Priorities for future research on planetary
dunes. EOS — Transactions of the American Geophysi-
cal Union 89(45): 447-448.

Tokano T (2010) Relevance of fast westerlies at equinox
for the eastward elongation of Titan’s dunes. Aeolian
Research 2: 113-127.

Tokano T and Neubauer FM (2002) Tidal winds on Titan
caused by Saturn. Icarus 1582: 499-515.

Tooth S (2009) Arid geomorphology: Emerging research
themes and new frontiers. Progress in Physical Geo-
graphy 33(2): 251-287.

Tseo G (1993) Two types of longitudinal dune fields and
possible mechanisms for their development. Earth Sur-
face Processes and Landforms 18: 627-643.

Twidale CR and Wopfner H (1990) Dune fields. In: Twi-
dale CR, Davies M, and Wells CB (eds) Natural His-
tory of the North East Deserts. Northfield: Royal
Society of South Australia: 45-60.

Wahlund J-E, Galand M, Muller-Wodarg I, Cui J, Yelle
RV, Crary FJ, et al. (2009) On the amount of heavy
molecular ions in Titan’s ionosphere. Planetary and
Space Science 57: 1857-1865.

Downloaded from ppg.sagepub.com by guest on January 20, 2012


http://ppg.sagepub.com/

124

Progress in Physical Geography 36(1)

Weitz CM (1993) Surface modification processes. In:
Ford JP, Plaut JJ, Weitz CM, Farr TG, Senske
DA, Stofan ER, et al. (eds) Guide to Magellan
Image Interpretation. Pasadena, CA: NASA Jet Pro-
pulsion Laboratory. NASA-CR-194340 JPL Publica-
tion 93-24: 57-73.

Weitz CM, Plaut JJ, Greeley R, and Saunders RS
(1994) Dunes and microdunes on Venus: Why are
so few found in the Magellan data? Icarus 112:
282-295.

Wyatt MB and McSween HY Jr (2002) Spectral evidence for
weathered basalt as an alternative to andesite in the north-
ern lowlands of Mars. Nature 417: 263-266.

Yung YL, Allen M, and Pinto JP (1984) Photochemistry of
the atmosphere of Titan: Comparison between model
and observations. Astrophysical Journal Supplement
Series 55(3): 465-506.

Zimbelman JR and Griffin LJ (2010) HiRISE images of yard-
angs and sinuous ridges in the lower member of the Medu-
sae Fossae Formation, Mars. Icarus 205(1): 198-210.

Downloaded from ppg.sagepub.com by guest on January 20, 2012


http://ppg.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /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 false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /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 [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


