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a b s t r a c t

Datasets at resolutions many times greater than previously available were used to study aeolian features
within Gale Crater. High resolution thermal inertia data allowed for detailed particle size estimation, with
the data sufficient to resolve dunefields. A wide range of grain sizes have now been identified in the Gale
Crater dunefields, ranging from medium to very coarse sand. High Resolution Imaging Science Experi-
ment (HiRISE) and THEMIS VIS data allowed for detailed analysis of the dune morphology and slip-faces,
which shows that the dunes have responded to topographic influences on prevailing wind directions
under a present day wind regime. This result was corroborated by a regional mesoscale model for the cra-
ter under dust storm conditions. The central mound and smaller scale crater floor topography has altered
the prevailing wind regime and dune patterns. Aeolian activity has thus played, and continues to play, an
important role in shaping many of the present surface features of Gale Crater. The arrival of a future
lander mission such as the Mars Science Laboratory would be able to sample these surface features
directly and add a wealth of data to the understanding of Gale Crater.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Overview of Gale Crater

Gale Crater measures approximately 150 km in diameter and is
located on the boundary of southern cratered highlands and the
northern lowlands of Elysium Planitia (5.4�S, 222.2�W). Gale Crater
is dominated by a 5 km high central mound, interpreted to consist
of a sequence of strata of sedimentary origin (Malin and Edgett,
2000). Probable fluvial activity in the crater was also suggested by
the discovery of channels within the central mound and the crater
wall (Pelkey et al., 2004). A variety of aeolian features are present
within Gale Crater. There are dunefields following the low lying
contours around the northern edge of the central mound, a large
sand sea situated between the western crater wall and the central
mound and dunefields east and south of the central mound. The ex-
tent of these features indicates that recent aeolian activity has sig-
nificantly influenced the geomorphology of Gale Crater and formed
many of the features seen today. Detailed information on the origin
and processes of aeolian activity at Gale Crater is still not entirely
ll rights reserved.
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certain despite work performed by Pelkey et al. (2004). The arrival
of Mars Reconnaissance Orbiter (MRO) High Resolution Imaging
Science Experiment (HiRISE) instrument in Mars orbit has led to ac-
cess to the highest resolution imagery in the history of Mars explo-
ration and now provides the tools needed to clarify aeolian
processes and dune morphology of Gale Crater.

The aim of this paper is to provide a detailed analysis of wind
features using dune morphology revealed by new high resolution
HiRISE and medium resolution CTX imagery covering the crater.
These data are used to increase the understanding of topographical
influence on dune morphology. This is particularly relevant as
many of the intra-crater dunefields previously studied have been
in craters such as Proctor and Rabe Crater with relatively flat inte-
riors (Fenton, 2003, 2006). By contrast it is expected that the cen-
tral mound in Gale Crater will dominate wind flow and hence dune
morphology for the crater. The importance of topographic effects
on local wind flow was recognized by Pelkey et al. (2004) and Hay-
ward et al. (2009). Additionally, this work uses thermal inertia
measurements to infer the particle size and probable origin of aeo-
lian sediment comprising the dunefields. It will determine whether
the central mound was a likely source for this material or whether
the sediment was derived from elsewhere within the crater or
from outside. This will enhance understanding of sediment path-
ways between inter-crater dunefields.
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1.2. Previous research

Although the central mound of Gale Crater has been subject to
intensive work to determine its sedimentary makeup, and the cra-
ter itself for assessment of a possible landing site for the Mars
Exploration Rovers (MER) and Mars Science Laboratory (MSL)
(Bridges, 2003; Griffes et al., 2009; Milliken et al., 2010; Rossi
et al., 2007), relatively little work has been conducted on the Gale
Crater dunefields.

A remote sensing analysis of Gale Crater using Mars Orbiter La-
ser Altimeter (MOLA) and Thermal Emission Spectrometer (TES)
data by Pelkey and Jakosky (2002) identified dark toned regions
situated on the crater floor to be dunefields composed of dust free
coarse sand sized particles. Pelkey and Jakosky (2002) cited the re-
sults of an early circulation model by Lee and Thomas (1995) and
estimated an aeolian transport direction from the south-east to
the north. This indicated a significant role played by aeolian pro-
cesses in shaping the intra-crater surface.

Further remote sensing by Pelkey et al. (2004) was able to refine
the original results with high resolution Mars Orbiter Camera
(MOC) images and Thermal Emission Imaging System (THEMIS)
data, which were better able to resolve surface features than the
TES datasets used in 2002. Dune particle sizes were estimated to
be in the range of very coarse sand, while not discounting the pos-
sibility of induration affecting thermal inertia values. The eastern
aeolian features were not investigated as no high resolution cover-
age of the eastern side of the crater existed at that time.

The dunes were thought to have formed from mobile particu-
late material on the crater floor, though the origin of this particu-
late material, whether eroded from crater floor units or from the
crater walls to rest in topographic lows, was undetermined.
Although high resolution coverage of the dunefields was limited,
wind directions inferred from dune orientations were refined from
2002. The northern dunefields were postulated to have been
shaped by northerly winds wrapping aeolian material around the
central mound, whereas southerly winds emerging from the chan-
nel south of the western sand sheet were postulated to be blowing
particulate material north. The lack of mesoscale climate modeling
for the crater as well as the probability of complex wind regimes
being present were also acknowledged by Pelkey et al. (2004),
however, topographic control of the regional wind regime was
suggested.

That dune patterns on Mars are controlled by topography was
recognized by Breed et al. (1979). This was also reported in earlier
work on terrestrial dunes by Wilson (1971) who reported that
changes in slope affected local wind speeds and their ability to
transport sand. Topographic features such as escarpments, sand
ramparts or massive dunes can form at the dunefield margin, as
was observed at the Grand Erg Oriental in Tunisia (Breed et al.,
1979). Topographic features can also serve as obstacles to dune
movement, forcing dunes to diverge around them (see for example
Hayward et al., 2007). Sand ramparts and changes in dune size and
wavelength can occur in the lee of such obstacles. Simple barcha-
noid ridges or isolated barchans occur in desert basins where
downwind migration is not blocked by topographic obstacles.
Winds can also be channeled by topographic features such as val-
leys, and wind velocity increases at it moves up windward flanks of
hills (Greeley et al., 2002). The lee side of features may also be
areas of deposition due to disruption of laminar flow (Wiggs
et al., 2002). Slope winds were found to be important in a study
of wind streaks in Tharsis and Elysium Mons volcanos, Mars. Slope
winds were discovered to be effective erosional agents as well as
controlling the directions of depositional streaks found in the re-
gions. The steep slopes of Tharsis and Elysium produced strong
down-slope winds able to carry aeolian sediment (Lee et al.,
1982). Silvestro et al. (2009) investigated three dark dunefields in
Noachis Terra craters that were probably influenced by a complex
wind regime. Prevailing winds were locally accelerated by the
respective crater rims to the point where saltation could take place.
This study showed that local topography influenced wind strength
and hence dune morphology. Further work on topographic influ-
ences on wind regimes was undertaken by Bourke et al. (2004)
who noted that a 30% increase in wind velocities occurred at in-
clined slopes. This suggested that threshold wind speeds necessary
for sand mobilization on Mars was more frequently met at these
features. Recent work by Kok (2010) has suggested that wind
speeds required to initiate and sustain saltation and dune forma-
tion and movement may be lower than previous estimates (Gree-
ley and Iversen, 1985). This was postulated to be due to winds
required to sustain saltation (approximately 1 m/s for 1 mm size
particles) being an order of magnitude lower than those required
to initiate it (approximately 3 m/s for 1 mm sized particles). The
work by Kok (2010) has implications on the study of Gale Crater
dunes and the inferences of wind directions in the crater.

1.3. Sediment sources and pathways of inter-crater dunefields

Craters have been thought of as both sand traps and sand
sources, with prevailing winds blowing sediment from outside into
a crater, where it could then act as a sand source (Christensen,
1983). An example is wind streaks that are depositional or ero-
sional in nature and are often seen in association with craters on
Mars (Thomas, 1981; Edgett, 2002). Fenton (2005) studied five re-
gions in Noachis Terra and suggested that sand transport pathways
to sand sources in the region were very short. Typically sand trans-
port pathways could be traced to sand streamers or sand sheets,
possibly leading to the sand source. However, Noachis Terra dunes
presented isolated accumulations of sand, with no apparent inter-
connections. It was postulated that the consistent dune morphol-
ogy found within the region was due to regional winds that were
not affected by local topographic effects. Sand was believed to have
been originally deposited in a region-wide event. Some of the lar-
ger craters within the region contained pits eroded into their
floors. Strata observed within these pits were postulated to be con-
gruent with this region-wide depositional event. Conversely,
Rodriguez et al. (2009) analyzed wind streaks in a region in Mars’
northern hemisphere and an analogous terrestrial site in Argentina
and suggested that aeolian material within an impact crater could
have saltated from an external source. Recent analysis of HRSC
images by Tirsch et al. (2009a) showed that aeolian material was
primarily blown out of craters, suggesting exposure of an embed-
ded dark layer by either impact processes removing layers above
the dark unit or erosion of them. This model agrees with the regio-
nal deposition and localized erosion suggested by Fenton (2005).

1.4. Mineralogy

Mineralogy of Gale Crater, including portions of its dunefields,
has been determined using the Compact Reconnaissance Imaging
Spectrometer (CRISM) (Milliken et al., 2010). Sulfur and clay bear-
ing units were found in the central mound, with clay bearing layers
also being found at the base of the northern crater rim and the base
of the southern edge of the mound. These findings were inter-
preted to suggest past fluvial interaction with these units in the
Crater. Pyroxene and possibly olivine signatures were detected
within the crater floor dunefields sampled by CRISM, while a TES
derived mineral study conducted by Rogers and Bandfield (2009)
suggested high concentrations of olivine basalt in these dune re-
gions. These signatures of volcanic materials have been found to
dominate dark regions on Mars (Christensen et al., 2000; Bandfield,
2002). Recent studies of intra-crater dunes undertaken by Tirsch
(2008) and Tirsch and Jaumann (2008) revealed that all dunes
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studied showed olivine and pyroxine signatures. This was consis-
tent with the mafic mineralogy of Gale Crater dunes by Milliken
et al. (2010). Tirsch (2008) postulated the possibility of a common
origin for intra-crater dune material based on similar mineralogical
composition. The relative lack of hydrates in these sediments also
pointed to mechanical weathering being the main alteration pro-
cess at work (Tirsch et al., 2009b). In contrast CRISM detected evi-
dence of clays located in the north-west area of the central mound,
as well as in canyons incised into the western side of the central
mound, suggesting aqueous alteration of this feature (Milliken
et al., 2010).
Fig. 2. Overview of Gale Crater showing elevation in meters. Note the large
variation in elevation between the crater and the central mound.
2. Datasets and methods

2.1. Visible imagery and topographic data

For the purposes of this research the dunefields of Gale Crater
were split into seven separate regions positioned in topographic
lows and more unconfined locations on the crater floor (Figs. 1
and 2). Detailed analysis of the dunefields was performed using a
variety of high resolution sensors. HiRISE images provided cover-
age of portions of Gale Crater to resolutions of 25–32 cm/pixel with
image swaths of typically 6 � 20 km along orbit track (McEwen
et al., 2007). Captured concurrently with HiRISE were data from
the Context Imager (CTX). This lower resolution instrument (6 m/
pixel) provided surface coverage of up to 30 � 160 km (Malin
et al., 2007). Topographic data was provided by MOLA datasets
(Smith et al., 2001) as well as an aeroid referenced DEM derived
from the High Resolution Stereo Camera (HRSC), an instrument de-
Fig. 1. Overview of Gale Crater showing the locations of aeolian deposits. Labeled white
‘B’ Lower north-west dunefield. ‘C’ Western sand sea. ‘D’ North-eastern dunefield. ‘E’ So
signed to map Mars in 3D (Neukum et al., 2004; Scholten et al.,
2005).
rectangles indicate bounding boxes for later figures. ‘A’ Upper north-west dunefield.
uth-eastern dunefield. ‘F’ Southern dunefield. ‘G’ South-western dunefield.
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2.2. Thermal inertia

Thermal inertia has proved invaluable for estimating the
approximate particle size of the martian surface, where direct
measurements are extremely limited. Thermal inertia measures a
material’s resistance to temperature change during the day/night
heating cycle. Surface features consisting of small, loose particulate
material cool quickly during the night and have low thermal inertia
values. Larger grained surface material, such as sand, pebbles or
rocks have higher thermal inertia values and take longer to cool.
Other factors such as atmospheric effects, local topographic effects,
different grain bonding of sediment, sediment inhomogeneity, sur-
face compactness and induration can also affect thermal inertia
values. Induration, mixed particle sizes and surface compactness
can increase thermal inertia values by increasing the thermal con-
ductivity of the material under study. Atmospheric effects alter
thermal inertia readings if there is significant variation to the ther-
mal model used to derive thermal inertia values (Jakosky, 1979;
Edgett and Christensen, 1994; Hayashi et al., 1995; Mellon et al.,
2000; Putzig et al., 2005; Christensen, 2006). It is possible that
induration may affect thermal inertia measurements of the dune-
fields in Gale Crater. The THEMIS experiment flown on Mars Odys-
sey provides pixel resolution of 100 m (Christensen et al., 2003).
This resolution, the highest available for Mars, reduces (but does
not entirely eliminate) pixel mixing of surface features that would
lead to ambiguous thermal values. THEMIS data have already been
used by Pelkey et al. (2004) to study geological features in Gale
Crater. Our work focuses on the application of thermal inertia mea-
surements to the aeolian features of Gale Crater, and assists in
determining the origin and average grain size of these features.

A high resolution (100 m/pixel) thermal image of Gale Crater
from THEMIS allowed for detailed thermal analysis of the crater’s
sand dune sediment. The thermal inertia coverage of Gale Crater
was placed in a Geographic Information System (GIS) for analysis,
and thermal inertia values were found to range from 90 to
785 J m�2 K�1 s�1/2. The dataset itself consisted of a 256 level gray-
scale palette, which had to be converted to the actual thermal iner-
tia scale for the dataset to be useful. This was achieved according to
the following formula: (grayscale value � 2.725) + 90. For example
a grayscale value of 0 would equate to the minimum thermal iner-
tia value of 90 J m�2 K�1 s�1/2. A similar method for converting
THEMIS data ranges was also used in Tirsch (2008). Although pro-
jected, the thermal inertia dataset needed to be spatially adjusted
in order to accurately register with THEMIS visible layer and HiR-
ISE datasets that were used to identify the aeolian sediment. This
enabled the selection of pixels within the layer that contained only
aeolian sediment and were not mixed with inter-dune surfaces.

Under conditions where the factors affecting thermal inertia
measurements described above can be accounted for, thermal iner-
tia corresponds with particle size according to Table 1 and can be
correlated with grayscale values. This study used these values as
a basis for analysis and investigated variations in values as appro-
Table 1
Grain types compared with thermal inertia and grayscale values. (Adapted from
Edgett and Christensen (1994).)

Grain type Grain size (lm) Thermal inertia Grayscale value

Silt 3.9–62.5 80–120 <11.007
Very fine sand 62.5–125 120–180 11.007–33.021
Fine sand 125–250 180–240 33.021–55.036
Medium sand 250–500 240–330 55.036–88.058
Coarse sand 500–1000 330–430 88.058–124.748
Very coarse sand 1000–2000 430–530 124.748–161.439
Granules 2000–4000 530–630 161.439–198.129
Pebbles 4000–64,000 630–740 198.129–238.489
priate. The thermal inertia data were reclassified using the thermal
inertia ranges in Table 1 to create eight unique values. These values
ranged from silt to pebbles, which fit with the minimum and max-
imum thermal inertia values (90–785 J m�2 K�1 s�1/2). Measure-
ments were then taken from the aeolian sediment contained
within dunefields ‘A’ to ‘E’. No coverage existed for the remaining
dunefields.

The GIS that contained all of the specified datasets was created
in ArcMap software developed by ESRI. A simple cylindrical projec-
tion was used by the HiRISE DEM and raster overlay, and this pro-
jection was used for all datasets. The MOLA and THEMIS VIS
datasets were used as baseline images, and higher resolution layers
were georeferenced and overlaid on these base layers.

2.3. Dunefield and wind direction analysis

Analysis of dunefield slip-faces was conducted in order to deter-
mine wind directions that have acted or are currently acting on
Gale Crater. Slip-faces of all dune types are oriented downwind
and measurement of the orientation of the slip-face enables forma-
tive wind direction(s) to be deduced (Tsoar et al., 1979; Fenton,
2003; Elbelrhiti et al., 2005; Tanaka and Hayward, 2008). Dunes
of different size require different temporal scales to adjust to
changes in climate. On Earth it can be as little as 10–100 years
for simple crescentic dunes (i.e. they are governed by annual or
seasonal patterns) (Havholm and Kocurek, 1988; Landcaster,
1988). Compound crescentic dunes may take 100–1000 years
(Stokes et al., 1997) and the larger complex linear dunes may take
1000–10,000 years (Wilson, 1971; Landcaster, 1988). Although
these time scales are unknown for Mars the relationship should
be similar and suggest that different dune types and patterns
may have formed during older and different climatic regimes than
exist today. In order to control for dune type and scale, dune slip-
face counts were separated into smaller and larger dune types,
with individual barchans representing smaller dunes and barcha-
noids and transverse ridges representing larger dunes. Examples
of small and large dune classes are shown in Fig. 3A.

Smaller area dunefield regions, such as those to the east and
south of the central mound were unable to be sub-divided in this
way due to the paucity of slip-faces measurements that could be
taken in these regions. Variations in wind direction and wind
strength were deduced from variation in the orientation of dune
slip-faces. To maximize the accuracy of the analysis, as many
slip-faces as possible within dune regions were measured but only
those that provided clear orientation and were not obscured by
shadow or resolution issues. Dome dunes (Fig. 3B), small mounds
of sediment not possessing a slip-face were precluded from wind
direction study. However, wind streaks (Fig. 3C) were used because
of their tendency to follow a downwind direction. Measurement of
467 slip-faces was performed throughout the dunefields. Results
from the slip-face measurements, including those of primary and
secondary slip-faces (Fig. 3D) were output to rose diagrams using
GEOrient (http://www.holcombe.net.au/software). Spatial areas
of dunefields were calculated by extracting the dune features and
calculating their surface area using ArcGIS. Dune spacings were
also measured using ArcGIS.

2.4. Mesoscale wind modeling

Mesoscale modeling of martian wind flow has proven invalu-
able at modeling mesoscale topographic influences on wind re-
gimes. The Mars Atmospheric Model System (MRAMS) was
derived from a non-hydrostatic Earth mesoscale model that was
used to forecast terrestrial weather and has successfully been used
to model conditions at the Mars Pathfinder landing site using ½ de-
gree resolution topographic data (Rafkin et al., 2001). MRAMS uses

http://www.holcombe.net.au/software


Fig. 3. Examples of specific aeolian dune types and classifications studied in Gale Crater. (A) Examples of large and small dune classifications used in the study, also in region
‘A’. White arrows mark small dunes, in this case barchans, and gray arrows mark large dunes, in this case transverse ridges. The coalescing of barchan dunes in the north of the
image into transverse ridges in the south of the image is also visible. (B) Dome dunes shown by arrows resting near a small crater, also in region ‘D’. (C) Arrows mark wind
streaks present in region ‘D’ near the north-western corner of the bounding box shown in Fig. 1A. (D) Close up of dunes in region ‘A’ with primary slip-faces marked with gray
arrows, secondary slip-faces marked with white arrows.
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radiation parameters from the NASA Ames general circulation
model and also assumes a uniform fixed dust optical depth across
the region to be modeled (Rafkin et al., 2001). Mesoscale modeling
of the Gale Crater region was performed by Tim Michaels at NASA
AMES using MRAMS. This produces data at a high temporal resolu-
tion, but for a short period of time, as data outputs from the model
tend to be extremely high. The time interval and period used in our
study resulted in a manageable dataset that provided a compro-
mise between temporal and spatial resolution and data size.
MRAMS was set up to simulate a martian dust storm (Ls � 270)
as these conditions are ideal for generating wind velocities high
enough to saltate martian sand (Arvidson et al., 1983; Greeley
and Iversen, 1985; Moore, 1985; Sullivan and Banfield, 2005).
The MRAMs data provided a two-dimensional near surface simula-
tion (13.6–14.8 m above ground level) of 144 time intervals
(20 min per interval) over a two martian sol period, with a horizon-
tal topographic grid spacing of 3.75 km. These time and grid spac-
ings provided a compromise between temporal and spatial
resolution and data volume. The two sol time period also does
not take into account seasonal variations in climate.

3. Results

3.1. Thermal inertia and dune particle sizes

Our analysis detected a wider range of thermal inertia values for
discrete dunefields in Gale Crater than have previously been deter-
mined (Fig. 4 and Table 2). This may be due to the increased image
cover for Gale Crater. The analyzed regions (A–E) have thermal
inertia values falling within the coarse sand range (330–
430 J m�2 K�1 s�1/2), similar to the �330 J m�2 K�1 s�1/2 estimated
by Pelkey et al. (2004). However, medium sand values were pres-
ent in small quantities as well as regions of very coarse sand on
all of the dunefield perimeters (Fig. 4). These very coarse sand val-
ues around the dunefield perimeters are possibly due to a mixture
of low thermal inertia dune material and high thermal inertia in-



Fig. 4. Thermal inertia coverage of Gale Crater showing the locations of aeolian deposits and the central mound. Most of the aeolian features possessed thermal inertia values
equating to coarse to very coarse sand. Very coarse sand values skirt the perimeter of dunefield ‘C’ and the aeolian sediment poor central region in this dunefield is prominent.
The portion of dunefield ‘E’ with thermal inertia coverage showed a high areal extent of medium sand, the only observed aeolian dunefield in the crater to do so.
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ter-dune material within each THEMIS pixel, as opposed to varia-
tions in dune particle sizes within this region. Granule and pebble
size particles were detected in a relatively dune-free area in the
center of dunefield ‘C’ (Fig. 5A). Mixed particle sizes may have
influenced thermal inertia values of this central area. The central
region occupies a large area (approximately 43 km2) within dune-
field ‘C’. A HRSC topographic profile (Fig. 5F, profile line Fig. 5A)
illustrates that the elevation of dunefield ‘C’ rises steadily from
the north at an angle of approximately 1� until it flattens out at
approximately 15 km (the start of the central region). The eleva-
tion steepens again at approximately 18 km, which equates to a
discernable rise in slope (approximately 6�) on the HiRISE images.
The influence of this feature on the local wind regime is discussed
below.

A further dune-free area is present at the mouth of a channel lo-
cated to the south of dunefield ‘C’ (Fig. 5A). This area presents a
smooth surface, marked by impact craters, the largest of which is
280 m across. Thermal inertia values in this region indicate parti-
cles that range in size from pebble in the center of the feature to
granule around its edges. Thermal inertia values further south
and along the channel floor suggest medium to coarse sand
(Fig. 4). HiRISE images show a small, dark dune patch within the
channel, also noted by Pelkey et al. (2004). We propose that some
aeolian sediment, at least in dunefield ‘C’, was sourced from the
channel deposits. This is discussed further below.

The thermal inertia values of dunefields ‘A’ and ‘B’ suggest very
coarse sand (450–530 J m�2 K�1 s�1/2). This is consistent across
most of dunefield ‘A’, and parts of dunefield ‘B’. Coarse sand ther-
mal inertia values are also present in regions closest to the north
of dunefield ‘C’, where dunefield ‘B’ merges with the main sand
sheet. Thermal inertia values between dunefields ‘A’ and ‘B’ are
in the granule to pebble ranges (530–740 J m�2 K�1 s�1/2). Thermal
inertia measurements of dunefield ‘C’ were not as homogeneous as
those in the north-western sand dunes ‘A’ and ‘B’. As shown in
Fig. 4, thermal inertia values of coarse to very coarse sand were
measured for most of dunefield ‘C’ (330–530 J m�2 K�1 s�1/2). The
material surrounding the dunefield is inferred to be granule and
pebble in size similar to the regions free of sand dunes. These gran-
ule and pebble particle sized areas as inferred were verified to be
dune-free by analysis of the CTX and HiRISE data of the regions.
Dunefield ‘D’ presents similar thermal inertia values to dunefield
‘C’, with coarse to very coarse sand values suggested for the dune-
field and granule and pebble size values surrounding it. Most of the
south-eastern dunefield ‘E’ contains thermal inertia values of med-
ium sand (240–330 J m�2 K�1 s�1/2), presenting a departure from
the rest of the measured dunefields. The thermal inertia values
measured for this aeolian sediment still approximates the dune
particle size postulated by Edgett and Christensen (1991) and is
within the range produced by others for inter-crater dunefields
(Tirsch, 2008).

The differences in the thermal inertia values for dunefields
within Gale Crater may be due to factors affecting thermal inertia
measurements described previously, though variations in particle
size and/or composition seem more likely than atmospheric ef-



Table 2
Dune type, sediment size and inferred formative winds. Average wind direction has been separated according to dune type where sufficient measurements exist.

Dunefield Description Dune type Area
(km2)

Particle size Average wind direction (degrees
from north) primary/secondary

A Northern-most
western dunefield

Barchan, barchanoid,
transverse ridge

17 Very coarse sand 351/70 (barchan)
326/94 (transverse ridge)

B Immediately south-
west of ‘A’

Dome dune, barchan,
barchanoid

5 Coarse – very coarse sand 55/77

C Western sand sea Sand sheet, barchan,
barchanoid, transverse ridge

303 Medium sand, coarse sand (dominant) very coarse
sand, granules – pebbles in center

297/156 (barchan)
297/124 (transverse ridge)

D North-eastern
dunefield

Streak, dome dune, barchan,
barchanoid

171 Coarse – very coarse sand, some granules 275/50

E South-eastern
dunefield

Barchanoid, transverse ridges 203 Medium – coarse sand 236/195

F Southern dunefield Modified barchans,
transverse ridge

78 No data available 145/244

G South-western
dunefield

Streak, barchan 50 No data available 324/255
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fects. Sediment inhomogeneity may have affected the thermal
inertia measurements of dunefield ‘D’, where the aeolian sediment
appears spread more thinly than dunefield ‘C’. By contrast thermal
inertia values for the central mound range from very fine sand at
the top of the peak to very coarse sand at the base. Granules and
pebble particle size ranges form a sharp delineation around the
mound, correlating with the rough terrain visible in this region.

3.2. Dune morphology and inferred wind directions

Barchan dunes are the most common type in Gale Crater. Bar-
chanoid and transverse ridges are located downwind of the bar-
chan fields. Dome dunes, shown in Fig. 3B, and wind streaks,
shown in Fig. 3C, were also present within the crater. Table 2 lists
the morphologies found at the specific dunefield regions studied,
as well as areal extents of each region, and the average wind direc-
tions inferred at each site. Evidence of two wind directions was
found at all sites, varying in strength and direction depending on
the region’s location. Rose diagrams illustrating the range in in-
ferred primary and secondary wind directions and their average
are shown in Fig. 6.

3.2.1. Dunefields ‘A’ and ‘B’
Primary wind directions for north-western dunefields ‘A’ and ‘B’

are shown in Fig. 6 and the dunefields themselves seen in detail in
Fig. 7A and B. Both dunefields exhibit similar dune morphology and
are interpreted to have been formed by winds transporting sedi-
ment from the crater’s north to the western edge of the central
mound. The change in elevation in this region diverted dune
migration to the south-west, around the central mound to dune-
field ‘C’. As indicated in Table 2 dunefield ‘A’ has more sediment,
compared to dunefield ‘B’, probably resulting in barchanoids and
transverse ridges observed at the southern edge of dunefield ‘A’,
adjacent to the central mound. Topographic trapping of sediment
may also account for this sediment accumulation.

The morphological signatures of the secondary winds are more
frequent in the region furthest from the central mound (Fig 7A)
with an increase in secondary slip-faces to the north and dunes
influenced by bimodal winds towards the south-west of these
dunefields. Three asymmetric barchans are visible within this re-
gion, with the extended limbs reaching dunefield ‘C’, which lies
immediately south (Fig. 7C). These dunes have probably been
caused by a bimodal wind regime similar to that proposed by Tsoar
(1984). That work suggests dune limb modification by gentle obli-
que winds in addition to a stronger primary wind parallel to the
dune.
3.2.2. Dunefield ‘C’
Dunefield ‘C’ is the largest in Gale Crater and possesses the wid-

est variety of aeolian forms. It has three distinct sections: large
dunes to the north; a dune-free central region; and, smaller dunes
adjacent to the dune-free area at a channel mouth to the south.
Fig. 6 illustrates the wind directions inferred from dune morphol-
ogy. The predominant wind directions are complex with west–
north-west primary winds, and to a lesser extent east–south-east
secondary winds, to the north of the central dune-free area. These
formative winds likely originate from a combination of off-crater
wall winds and central mound down-slope winds, respectively.
Dunes in this northern region include barchanoid ridges with crest
spacings ranging from 0.5 to 1.0 km in the center surrounded by a
sand sheet (Fig. 5A) and outlying asymmetric dunes to the north-
west of the center of the dunefield (Fig. 5B). Other features include
barchans coalescing into barchanoids to the north-west (Fig. 5C)
and widely spaced transverse ridges to the north-east (Fig. 5D) of
the center of the dunefield.

The winds appear to change direction about the altered slope in
the central region sufficiently for sand deposition to occur around
the feature. This feature, apart from a few isolated barchans, is
dune-free. On the south of dunefield ‘C’ the secondary winds
(Fig. 6) appear to radiate from the dune-free area at the mouth of
the channel (Fig. 5A). The dunefields surrounding the fan show
slip-faces probably formed from south-easterly winds in the wes-
tern side to south-westerly winds on the eastern side of the
dune-free area. Reversing dunes shown in Fig. 5E reveal the influ-
ence of the northerly primary wind and southerly secondary wind
in the region of the southern dune-free area.

3.2.3. Dunefield ‘D’
Dunefields on the eastern and southern side of the crater are

limited, resulting in fewer slip-face measurements and precluding
separation of measurements by dune form. Wind streaks and dome
dunes were prevalent in this region (Fig. 3B and C). In the north-
east (marked as ‘D’ in Fig. 1 and seen in detail in Fig. 8A), dark
streaks wrap around a protrusion to the north-east of Gale Crater’s
central mound and terminate at a depression running north–south.
More streaks, dome and barchan dunes extend along the eastern
side of the central mound. As seen in Fig. 6, primary wind direc-
tions were inferred to range between south-westerly and north-
westerly, and secondary winds were inferred to be north-easterly.

3.2.4. Dunefield ‘E’
Dunefield ‘E’ rests in two depressions approximately 25 km

south-east of Gale Crater’s central mound (seen in detail in



Fig. 5. (A) Dunefield ‘C’, showing the large barchanoid ridges to the north, the dune-free central feature and the channel mouth and dune-free region to the south. The dotted
line represents the profile track used to generate Fig. 4 with start and end points annotated. Wind directions measured by slip-face orientation are shown as arrows. Note
north-easterly and north-westerly trends in the top half of the feature, and south-westerly to south-easterly wind trends below the central feature, radiating north of the
channel mouth. (B) Kinked limb on asymmetric barchans (Bourke, 2010) located at the north-western perimeter of the western sand sea. These dunes are indicative of
collisions between smaller dunes. This dunefield merges with the sand sea ‘C’ downwind. (C) Inset of barchan dunes coalescing into barchanoids to the west. (D) Barchanoid
dunes upwind of a sandsheet to the north-east. (E) Reversing dunes south-west of the central feature. (F) Topographic profile of sand sea ‘C’. The slope at 18,000 m is
approximately 6�. See Fig. 5A for location of profile.
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Fig. 8B). The inferred primary wind direction was from the south-
west with secondary wind from the south-east (Fig. 6). Observa-
tion of sand streaks show that the winds have followed the terrain,
particularly along a central channel running between the two dune
deposits in this region (Fig. 8B). The influence this channel has on
the prevailing winds is discussed below.



Fig. 6. Wind rose diagrams of all studied dunefields (Figs. 5, 7 and 8) overlaid on their respective regions in Gale Crater. Dunefields have been split into dune groups where
sufficient slip-face counts exist. Annotations within diagrams denote whether the wind direction is primary or secondary, and the dune types that dominant measurements
were taken from (where applicable). Primary and secondary barchan rose diagrams have been labeled ‘1 Bar’ and ‘2 Bar’, respectively, and primary and secondary transverse
rose diagrams have been labeled ‘1 Tra’ and ‘2 Tra’, respectively. Where no separate dune-type counts were possible primary and secondary wind rose diagrams have been
labeled ‘1’ and ‘2’, respectively.

Fig. 7. Western dunefields. Wind directions measured by slip-face orientation are shown as arrows. (A) Portion of dunefield ‘A’. (B) Portion of dunefield ‘B’. (C) Asymmetric
barchans in dunefield ‘B’, south-west of the previous image. These dunes suggest a strong primary wind and gentle oblique winds.
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3.2.5. Dunefield ‘F’
Dunefield ‘F’ (Figs. 1 and 8C), directly south of the central

mound, consists of barchans heavily modified by bimodal winds
and barchanoid ridges. The bimodal nature of the wind regime in
this region is most clearly seen in dual slip-face dunes (Fig. 8C in-
set), and to a lesser extent in barchanoid ridges to the west. As with
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dunefield ‘D’ the effects of topography on wind direction are ob-
served in this region, particularly influencing the secondary wind
direction, which appears to follow the depression between the cra-
ter wall and the central mound. Primary and secondary wind mea-
surements in this region were south-east and south-west (Fig. 6),
respectively.

3.2.6. Dunefield ‘G’
West of dunefield ‘F’, aeolian streaks follow a probable sediment

pathway to coalesce into barchans with extensively elongated
limbs (marked as a sediment pathway in Fig. 8C). The elongated
dune morphology was probably created by southerly winds con-
centrated by this valley and then following the contour between
Fig. 8. Dunefields to the east and south of the central mound in Gale Crater. Inferred wind
barchans and barchanoids in the dunefield ‘D’. The protrusion mentioned in the text ha
abundance of aeolian material on the lee side of the large impact crater to the south. (B
coalesced into dunefields to the south-west. The northern dunefield (visible above the c
south of it. Material has probably migrated north from this dunefield, as indicated by wind
sediment is visible top right. (C) Dunefield in region ‘F’, showing sediment transport from
shown in the inset. (D) Dunefield in region ‘G’.
the crater wall and the central mound. This region provides further
evidence of the southerly wind that was considered to act at the
channel mouth to the south of dunefield ‘C’ described earlier. More
dunes extend 20 km north-west of the elongated dune feature
(marked as ‘G’ in Fig. 1, seen in detail in Fig. 8D), but are less de-
fined compared to other dune features. Slip-face measurements
of this dunefield show a north-west primary wind and a south-
west secondary wind (Fig. 6).

4. Discussion

The topography of Gale Crater has strongly influenced the loca-
tion and morphology of dunefields, as evidenced by dune slip-face
directions are shown as white arrows. (A) Sediment streaks possibly coalescing into
s been labeled. Note the split in the feature by a valley to the north, as well as the
) Dunefields in region ‘E’. Sediment streaks, visible to the north-east have possibly

entral channel annotation) is approximately 640 m lower than the dunefield visible
direction, through the central channel between the two dunefields. Unconsolidated

the higher region in the south-west (marked). Dunes affected by bimodal winds are



Fig. 9. Two-dimensional mesoscale wind modeling of Gale Crater using MRAMS simulating martian dust storm conditions. Minimum wind-speed to initiate saltation �2.5 m/
s, denoted by shaded areas. Note times are given as Mars minutes. (A) Time increment = 1. Note north-west to west trends through the crater. (B) Time increment = 5 h
20 min. Winds velocity is reduced and trend is from north and north-east. Note the south–south-west trend behind the central mound. (C) Time increment = 10 h 40 min.
Winds are light and have a westerly trend. (D) Time increment = 16 h. Winds are light and have a southerly trend. (E) Time increment = 21 h 20 min. Winds are strong and
have a north–north-east trend. Note radial mixing north-west of the central mound and changing wind direction on the eastern edge of the crater. (F) Time increment = 26 h
40 min. Winds are moderate and have a north–north-west trend. These prevailing winds change direction to east as they pass over Gale Crater. (G) Time increment = 32 h.
Winds are light and variable. Higher velocity regions have a south–south-east trend and have probably been accelerated by local topography such as the crater wall. (H) Time
increment = 37 h 20 min. Winds are light and have an easterly trend. (I) Time increment = 42 h 40 min. Winds are light and are radially deflected outwards from the crater
rim.
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measurements within the crater (Fig. 6 and Table 2). Barchan mor-
phologies were found to be the most common dune type found in
Gale Crater, coalescing into barchanoids and transverse ridges
downwind, presumably a result of sediment supply increase. This
increase in sediment supply has probably been influenced by the
wind regime acting on the crater, which is inferred by the rose dia-
grams shown in Fig. 6. The prevailing winds have blown sediment
downwind to coalesce into topographic lows around the central
mound (Fig. 2). This has probably caused the increase in available
sediment in these areas, thus allowing barchanoids and transverse
ridges to form. The large central mound has dominated local wind
flow in Gale Crater, as opposed to relatively smooth craters such as
Rabe Crater (Fenton, 2006). The effect of the central mound and
topological influence on wind regime is discussed below.

The primary wind in region ‘A’ is little affected by topographic
deflection. Further south, prevailing winds are deflected around
the central mound as evidenced by the appearance of dunefields
in regions ‘B–E’ (Fig. 7A-D). This is particularly notable in dunefield
‘D’ (Fig. 8A) where wind streaks and sediment positioning show
the effect of local topography, including a 4 km impact crater to
the south. As shown in Fig. 8A sediment has accumulated on the
lee site of this crater.

As dunefield ‘C’ is bound to the west by the crater wall and to
the east by the central mound, north-westerly off-crater wall
winds compete with east–north-east off-mound winds to create
the dunes seen in the northern region of dunefield ‘C’. This north-
erly trending wind acting on dunefield ‘C’ also agrees with the
wind direction determined by Pelkey et al. (2004). A possible
southerly wind was also postulated in this region by Pelkey et al.
(2004), which is generally supported by the findings of our analy-
sis, though with some refinements. Action of this southerly wind
was inferred in the southern region of dunefield ‘C’. South of the
shallow slope region the dunes and subsequent slip-face measure-
ments suggest that local winds appear to radiate outward from the
mouth of a channel to the south. This radial dune pattern was
likely caused by southerly winds blowing through the channel,
transporting aeolian material from within it northward. These
dunes have migrated north to where the central slope change



Fig. 10. Wind rose diagrams of all studied dunefields as predicted by the nine instantaneous views of the mesoscale model (Fig. 9) overlaid on their respective regions in Gale
Crater. Compare the roses of this image with those of Fig. 10.
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and competing north-westerly winds have impeded its progress.
The southerly wind has thus been unable to saltate aeolian sedi-
ment completely around the central mound to the northern dune-
fields, contrary to the suggestion by Pelkey et al. (2004). Further
evidence of this southerly wind occurs in the dunefields south of
the central mound (dunefields ‘E’, ‘F’ and ‘G’). The wind has proba-
bly been constrained through topographic lows seen in Fig. 2
where it is forced to pass east and west around the central mound.
Dunefield ‘E’ shown in Fig. 8B clearly displays this where sediment
has been confined to pass through the central channel between the
two dunefields, as well as accumulation of sediments in shallow
depressions to the north-east. The central mound also serves to
attenuate northerly winds at the southern dunefields and also to
attenuate southerly winds from the northern dunefields.

Nine instantaneous views of the two sol MRAMS mesoscale data
are shown in Fig. 9A–I. Darker tones can be observed in the vicinity
of the north and southern crater wall, and the central mound. This
indicates changes of wind velocity by the variance in topography in
these areas. Observations of the wind direction as indicated by the
arrows in Fig. 9 show modeled wind directions also changing with
topography. Fig. 9B and I show strong variable winds altered by
topography whereas Fig. 9A, E and F show strong north-westerly
modeled winds. Fig. 9D, G, and H show less powerful southerly
winds acting on the crater. These winds, as well as the north-wes-
terly and variable winds, are all capable of initiating saltation at
approximately 3 m/s for 1 mm sized particles as suggested by
Kok (2010). The southerly modeled wind results probably accounts
for the southerly wind detected in dunefields ‘E’, ‘F’ and ‘G’ and
radiating from the channel mouth in the southern region of dune-
field ‘C’. These modeled winds are considerably weaker than those
in frames A, E and F, suggesting the southerly wind is not as pow-
erful as the northerly trending winds; also a finding of our slip-face
measurements.

Local winds are modeled to be accelerated by the crater wall
and central mound, seen as darker areas on the boundaries of topo-
graphic features such as the crater wall and central mound (Fig. 9A,
C and D in particular), increasing their ability to transport sediment
near these regions. These topographic features also serve to redi-
rect wind flow around the central mound, seen most prominently
in Fig. 9A, E and F, and revealed in slip-face directions analysis in
Fig. 6.

Fig. 10 shows rose diagrams for winds derived from the meso-
scale model and placed in their respective regions. Taking into ac-
count the combination of primary and secondary wind directions
the mesoscale model inferred, wind directions for dunefields ‘C’,
‘D’, ‘E’ and to a lesser extent ‘F’ correlate with those inferred by
slip-face measurements (Fig. 6). Dunefields ‘A’, ‘B’ and ‘G’ do not
correlate well, with ‘A’ and ‘B’ in particular exhibiting west and
south-east preferred wind directions. The differences may be due
to the mesoscale derived rose diagrams not accounting for wind
strengths. Although the winds inferred from slip-face measure-
ments may not have blown as often in the direction indicated in



Fig. 11. Low albedo regions surrounding Gale Crater, marked by arrows. Note the
regions north-west of the crater as well as the large region to the south-east. A
shallow, sediment filled depression is marked and is a possible sediment transport
pathway into the crater.
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Fig. 10, their strength may have dominated dune morphology over
winds blowing more often, but not as strongly. A comparison of
Fig. 9A and F to Fig. 9C and D indicates this is probably the case.
It is also possible the wind variations over the two martian sol per-
iod reflect diurnal cycles; however, the short time period over
which the model was run precludes definitive conclusions. Longer
scale mesoscale modeling runs may resolve this issue, as well as
scaling the modeled wind directions based on wind strength.

Slip-face measurements imply a southward transport trend in
the northern region of Gale Crater (dunefields ‘A’–‘D’) and a north-
ward trend in its southern region (dunefields ‘E’–‘G’). We propose
that there is a sediment contribution from outside the crater, with
additional sediment added from the upper layer of the central
mound and discuss this below.

Low albedo sediment deposits are located immediately out-
side of the crater’s south-western wall as shown in Fig. 11,
and a lack of significant streaks extends from within the crater
wall. This would suggest an external sediment transport source,
as no evidence of sediment pathways from the crater wall were
observed. The sediment probably originated from erosion of low
albedo deposits located approximately 25 km north-west of the
crater (Fig. 11). A dark sediment filled shallow depression visible
from the crater’s north-west wall (marked in Fig. 11) may have
acted as a transport pathway into the crater. This sediment has
then migrated around the central mound to coalesce in topo-
graphic lows, particularly dunefield ‘C’ (Fig. 5A). These act as
sinks, and serve to stabilize the dunefields. A low albedo region
south-east of the crater may be sourced from escaping sediment.
It is possible this south-east region may also act as a sediment
source, with dunes in the south of dunefield ‘C’ originating from
material blown from the low albedo region and through the
southern channel, as suggested in Section 3.1. However, because
dune slip-face measurements and MRAMS modeling suggested
the northerly winds were stronger than those from the south,
it is likely that most of the sediment within the crater was de-
rived from the north-west region.
We suggest that external deposits and to a lesser extent the
upper unit of the central mound have contributed sediment mate-
rial for the Gale Crater dunefields. The upper unit of the central
mound has been postulated to consist of material formed in a drier
climate by Milliken et al. (2010) and recent work by Anderson and
Bell (2010) suggests that this upper unit may be aeolian in origin. It
is possible that material from this upper unit may have contributed
sediment to the dunefields and been blown by the northerly winds
to form the dark albedo deposit south-west of the crater (Fig. 11).
Although the thermal inertia of this upper unit does not correlate
with the values measured in the dunefields studied (Fig. 4), it is
possible that these consist of fine dust deposits blown to the top
of the central mound while dunefield sediment has been eroded
from lower layers.

Gale Crater is one of the candidate landing sites being consid-
ered for Mars Science Laboratory (MSL). The proposed landing site
is a fan north of dunefield ‘A’. The proposed traverse to the central
mound would take the lander past the dunefield, allowing it to
investigate this region and add a wealth of ground truth data to
our understanding of Gale Crater dunes. MSL may also assist in
clarifying whether Gale Crater’s dunefield sediment had an inter-
nal or external origin by examining the dune material in detail,
as well as analyzing the central mound during its proposed tra-
verse (Griffes et al., 2009).
5. Conclusion

This study of the Gale Crater dunefields has revealed a complex
topographically driven wind regime, and contributes to our overall
understanding of martian intra-crater dunefields, and aeolian geo-
morphology. Minerological studies of the dune sediment indicated
they consist of mafic material (Milliken et al., 2010; Rogers and
Bandfield, 2009) and thermal inertia study suggests they predom-
inantly consist of coarse to very coarse sand (500–2000 lm).
Although a significant deposit of smaller size particles (250–
500 lm) was found within dunefield ‘E’, all inferred particle sizes
fall within the ranges typical of intra-crater dunes (Tirsch, 2008).

Analysis of the dunefields within the crater inferred a dominant
north–north-west wind that has been accelerated and channeled
by the crater wall and central mound. This wind acts to saltate sed-
iment from a probable source external to the crater over the crater
wall and around the central mound to coalesce into the western
sand sea and other topographic lows. A southerly wind is also be-
lieved to have modified dunes in the southern region of Gale Cra-
ter, particularly at the channel mouth of dunefield ‘C’. Mesoscale
modeling of the crater simulating a martian dust storm also re-
vealed the presence of the northern and southern winds, as well
as their interaction with the crater topography. This wind analysis
indicated that the dune alignments could developed under the
present martian climatic conditions. The central mound, has pro-
vided a key role in shaping wind flows in the crater, as well as pos-
sibly being a source of the aeolian sediment in conjunction with
deposits external to the crater.

The arrival of a future lander mission, such as the Mars Science
Laboratory, would be able to sample these surface features directly
and add a wealth of data to our growing understanding of Gale
Crater.
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