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R E P O R T

Wind-Related Processes Detected by the Spirit
Rover at Gusev Crater, Mars

R. Greeley,1 S. W. Squyres,2 R. E. Arvidson,3 P. Bartlett,4 J. F. Bell III,2 D. Blaney,5 N. A. Cabrol,6 J. Farmer,1

B. Farrand,7 M. P. Golombek,5 S. P. Gorevan,4 J. A. Grant,8 A. F. C. Haldemann,5 K. E. Herkenhoff,9 J. Johnson,9

G. Landis,5 M. B. Madsen,10 S. M. McLennan,11 J. Moersch,12 J. W. Rice Jr.,1 L. Richter,13 S. Ruff,1 R. J. Sullivan,2

S. D. Thompson,1 A. Wang,3 C. M. Weitz,14 P. Whelley,1 Athena Science Team

Wind-abraded rocks, ripples, drifts, and other deposits of windblown sediments are
seen at the Columbia Memorial Station where the Spirit rover landed. Orientations
of these features suggest formative winds from the north-northwest, consistent with
predictions from atmospheric models of afternoon winds in Gusev Crater. Cuttings
from the rover Rock Abrasion Tool are asymmetrically distributed toward the
south-southeast, suggesting active winds from the north-northwest at the time
(midday) of the abrasion operations. Characteristics of some rocks, such as a
two-toned appearance, suggest that they were possibly buried and exhumed on the
order of 5 to 60 centimeters by wind deflation, depending on location.

In the current environment of Mars, wind ap-
pears to be the most frequent agent of surface
modification, resulting in albedo patterns that
change on time scales as short as a few weeks
(1). Abundant dune forms, mantles of wind-
blown deposits, and wind-eroded features are
seen from orbit in many parts of Mars, includ-
ing the three previous sites where successful
landings have occurred. Understanding the pro-
cesses that form aeolian (wind-related) features
provides insight into the evolution of the mar-
tian surface, including rates of erosion and dep-
osition. The Mars Exploration Rover (MER)
Spirit landed near the middle of Gusev Crater
(2–5) in a relatively low-albedo zone (6)
considered to be a track left by the passage of
dust devils that removed bright dust to expose
a relatively darker substrate (Fig. 1A). Com-
parison of orbital images taken of the same
area from July 2003 to January 2004 show
changes in the tracks, indicating that dust
devils were recently active.

Here, we describe initial analyses of aeo-
lian features during the first �90 sols (7) of
operation. Wind-related features include sed-
iments (some of which are organized into
bedforms such as ripples), wind-abraded fea-
tures on rocks, eroded zones around rock

edges, and features generated by the rover
during operations that suggest active winds.

The surface at Columbia Memorial Station
consists of rocks, regolith, dark granules, and
fine-grained material, including dust (8, 9).
Patches of red regolith range in size from 0.5 m
across to as large as 15 m across. Bonneville
(10) crater and many of the small depressions,
called hollows, are partly filled with regolith
deposits. Light-toned material was inferred to
be dust, the upper surfaces of some rocks, the
rover solar panels, and the Panoramic Camera
(Pancam) calibration target (11). Although dust
grains are too small to be resolved by the
Microscopic Imager (MI) (12), previous esti-
mates suggest that martian dust is a few mi-
crometers in diameter (13, 14).

An MI image of a regolith patch shows a
bimodal size distribution of particles (Fig.
1B) that includes coarse (1 to 3 mm) grains
and finer grains smaller than a few hundred
micrometers in diameter. Although some
coarse grains are subangular, most are round-
ed, suggesting erosion during transport. We
propose that the dark coarse particles are
lithic fragments on the basis of their basaltic
composition (16, 17) and appearance in the
MI images (18).

Aprons of granular debris occur as isolat-
ed patches on the regolith and around some
rocks. For example, the rock Adirondack (2)
has an encircling debris apron that extends 5
to 20 cm from the edge of the rock. The
aprons consist of coarse grains that have
spectral properties similar to those of Adiron-
dack and the other basaltic rocks in the area
(11, 19). Therefore, some of the more angular
coarse-grained material is probably derived
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from physical weathering of rocks in the area,
as suggested for the Mars Pathfinder (MPF)
site on the basis of spectral properties (14).
Although the dark regolith within Bonneville
crater was not examined in situ, the regolith
has similar aprons on its surface.

Bedforms are common at the site and range
in size from 0.1 m long by 0.03 m wide by
0.02 m high to 10 m long by 2 m wide by 0.5 m
high. They have wavelengths of 0.06 to 10 m,

with the larger bedforms having longer wave-
lengths. The larger bedforms are only seen
within Bonneville crater and on the outer flanks
of the crater and can be identified in orbital
images. In cross section, most bedforms are
slightly asymmetric, with the southeast sides
being steeper and higher in albedo than the
northwest sides. Thermal infrared spectral
emissivity measurements (16) across meter-
scale bedforms show asymmetry that correlates

with the visible-wavelength albedos. The high-
er albedo southeast slopes show a thermal in-
frared (IR) signature of dust that is equivalent to
the globally homogeneous dust (20). Spectra of
the lower-albedo northwest-facing slopes sug-
gest the presence of materials compositionally
similar to the rocks seen at the site and is
attributed to thepresence of particles similar to
those composing the debris aprons.

MI images taken on one bedform named

Fig. 1. (A) Mars Orbiter
Camera (MOC) image R12-
01091. View of the Spirit
site from orbit showing the
Columbia Memorial Station
(star) and the impact crater,
Bonneville. The relative dark
zones are tracks left by the
passage of dust devils. One
prominent track crosses
Bonneville crater. (B) MI
image, 2M130463156EFF0-
900P2943M21, of regolith
showing large, subangular
granules set in smaller, sand-
size grains. The spectral
properties of the granules
suggest that they are lithic
fragments. (C) Pancam im-
age, 2P129911125FFL0500-
P2399L2M1, of the ripple,
Arena. (D) MI image, 2M1-
30001357EFF0506P2953M-
2M1, of Arena crest, showing
well-sorted rounded grains.
(E) MI image, 2M130001-
885EFF0506P2943M2M1, of
Arena trough zone, showing
poorly sorted grains. (F)
Front Hazcam (Hazard
Avoidance Camera) image,
2F132673895FFL1900P121-
2L0M1, of Serpent, a 2-m
bedform near the rim of
Bonneville crater. (G) Pan-
cam image, 2P131954281S-
FL1300P2531L7M1, of Ter-
race rock with ventifact
grooves originating from a
common horizon. (H) Pan-
cam image, 2P1331069-
87SFL2200P2567L2M1, of
Mazatzal rock, showing
prominent ventifact grooves.
(I) Pancam image, 2P134-
272699FFL2500P2373L7M1,
of two-toned rock. (J) Pan-
cam image, 2P1299993-
73FFL0506P2531R2M1, of
Perched rock. (K) Pancam
image, 2P129556193FFL03-
29P2580L2M1, of Adiron-
dack and (L) Pancam image,
2P131696760EEF1159P25-
97L5M1, of Humphrey rock,
showing the 4.5-cm areas
abraded by the RAT and the
distribution of the abraded
cuttings (dark area) and the
inferred wind direction
(white arrow) at the time
of abrasion.
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Arena (Fig. 1, C, D, and E) show that the side
with the lower slope (i.e., the windward side)
has a crest that consists of a layer of well-sorted
coarse particles (�1.8 mm in diameter) overly-
ing finer grains, whereas the trough consists of
a poorly sorted mixture of particles. These prop-
erties are characteristic of ripples on Earth (21,
22). Although only one bedform has been imaged
to date by the MI on both its inferred windward
and leeward sides, we conclude that the smaller
bedforms seen at the Spirit site are ripples (22).

Some of the rocks have associated
triangular-shaped deposits of regolith, similar to
those seen at previous landing sites on Mars,
termed wind tails. The wind tails tend to scale
with the size of the rock with which they are
associated, and at the MPF site the orientation
of the tapered part of the wind tail is considered
to point in the downwind direction (23, 24).
However, unlike the MPF site, many of the drift
deposits around the rocks at Gusev have a layer of
coarse particles that form an armored surface,
similar to the debris aprons described above.

The wheels on Spirit were used to dig into
regolith deposits (9), which revealed the pres-
ence of a surface crust and poorly sorted
particles. We suggest that the larger grains of
debris aprons, drift deposits, and ripples have
been concentrated on the surface as a lag
through the winnowing action of the wind
that has removed the finer sand and dust. The
coarse grains on the ripple crests are further
concentrated by saltation impact, typical of
ripple formation on Earth. This winnowing
can lead to size-sorted bedding structures.

We observed an increase in rock size and
frequency around Bonneville crater, reflecting
ejecta that was thrown out of the crater during
an impact event (25). There is a corresponding
increase in drift deposits around Bonneville
(Fig. 1F), which we attribute to the increase in
surface roughness. Although overall wind shear
stress increases when wind encounters rougher
terrain (26, 27), the fraction of the shear stress
available for mobilizing particles decreases, re-
ducing the surface flux of particles and leading
to net deposition (28, 29). There is also an
increase in the proportion of rocks for which the
tops are dust-mantled. We attribute this to the
rover traverse passing out of the recent dust
devil track that cuts across the landing zone and
into an area that has not been swept clean by a
recent dust devil (Fig. 1A).

Many of the rocks at the Columbia Memorial
Station have flat faces (facets) and/or grooves cut
into their surfaces, giving them the appearance of
wind-abraded rocks, or ventifacts. The facets form
beveled surfaces inclined 20° to 70° from the
horizontal. The grooves range in size from 2 to 50
cm long by 0.5 to 5 cm wide and occur on the
facets and on irregular surfaces. Most of the facets
and grooves are on the northwest sides of the
rocks. Although they are similar in morphology to
rocks seen at the MPF site (30), they are less
common at the Spirit site.

Terrace rock (Fig. 1G) has a zone of venti-
fact grooves that originates at a horizon a few
cm above the ground. A similar zone is seen on
a smaller rock nearby. This horizon could rep-
resent a change in the properties of the rock (in
which the lower part is more resistant to abra-
sion), a horizontal fracture in the rock that
served as an initiation zone for abrasion, or an
indication that the lower part of the rock was
buried and shielded from abrasion. Mazatzal
(Fig. 1H) is a light-toned, flat rock with venti-
fact grooves cut into the upper surface. We
suggest that the prominent grooves resulted
from the trajectories of abrading particles that
struck the rock at low angles, gouging the sur-
face, an interpretation consistent with laborato-
ry experiments of rock abrasion under martian
conditions (31, 32).

The regolith beneath some rocks has been
removed, giving the rock an undercut appear-
ance. Many of the low-lying flat rocks are
partly buried in the regolith and have bright,
dusty surfaces (11). In other cases, rocks are
two-toned: the lower part of the rock is bright
and the tops of the rocks are darker and less
dusty (Fig. 1I).

In a few cases along the traverse, Spirit
imaged rocks that are perched on top of other
rocks (Fig. 1J). These could be (i) inclusions
or fragments released by weathering from a
single rock, (ii) fragments emplaced as im-
pact ejecta, or (iii) the remnant of a former
mantling deposit where the finer-grained ma-
terial has been mostly removed, with the
perched rock having sunk into place.

The Rock Abrasion Tool (RAT) is used to
abrade and brush the surface of rocks for
analyses (33). Premission experiments dem-
onstrated that in the absence of winds the
brush disperses cuttings in symmetrical tra-
jectories radially from the abrasion area. In
the presence of wind, the material is carried
downwind, leaving an asymmetric pattern.
Two rocks at the Spirit site, Adirondack and
Humphrey, were abraded, and in the process
the abraded debris was distributed asym-
metrically from the abraded area. Grinding
operations took place for 3 hours starting at
12:30 hours local solar time (LST) for Ad-
irondack and for 4 hours starting at 11:30
hours LST for Humphrey. We interpret the
pattern of RAT cuttings (Fig. 1, K and L) to
indicate that wind was actively blowing from
the northwest toward the southeast in both
cases. The asymmetry is more prominent on
Adirondack, suggesting higher wind speeds.

Before Spirit landed, wind regimes were
predicted from mesoscale atmospheric models
(33, 34) and from analyses of features seen
from orbit (36). These studies suggested that
strong winds occur in the afternoon at Gusev
Crater, coincident with the strongest heating of
the atmosphere, and that wind orientations are
about radial from the central zone of the crater.
In the landing area, the predicted prevailing

winds are from the north-northwest toward the
south-southeast, which is along the axis of the
dust devil tracks seen from orbit. At night, the
winds in the area reverse direction, a result of
cold air ponding in the crater.

The asymmetric distribution of the RAT
cuttings are consistent with predicted afternoon
winds from the northwest. Moreover, the orien-
tations of the axes of most of the bedforms (e.g.,
ripples) observed from Spirit are east-northeast
to the west-southwest. On the assumption that
these features are ripples, their axes would
be orthogonal to the winds, which could be
either from the northwest or from the
southeast. However, the slight asymmetry
of some bedforms (with steeper faces on
the southeast) suggests prevailing winds
from the north-northwest on the assumption
that the steep side is the slip face. The
observation that the asymmetry is not pronounced
could reflect the day-to-night reversing winds.
The wind-abraded grooves and facets are predom-
inantly on the northwest sides of the rocks, also
consistent with winds from that direction. These
features also suggest that wind abrasion resulted
from winds capable of transporting particles that
were derived from sources northwest of the site.

A fundamental issue is the current activity
of windblown particles on Mars and at the
Gusev site. Frequent observations of martian
dust storms, changes in dust devil tracks at the
Spirit site, and accumulated dust on the rover
demonstrate that fine particles are currently en-
trained, transported, and deposited by the wind.
However, no bedform on Mars has been seen to
change size, shape, or position from either orbit
or the surface. MI images of the surfaces and
interiors of regolith patches and bedforms show
that most of the deposits consist of poorly sort-
ed mixtures of different grain sizes and that
many of the regoliths and bedform surfaces are
crusted by a thin layer (9). If the coarse grains
were undergoing active saltation, the dust and
finer materials should have been removed by
wind winnowing. Moreover, the ventifacted
rock surfaces are mantled with dust and possi-
bly a weathering rind (9), and if grains were
undergoing active saltation they should be
swept clean of dust by impacts. On the basis of
these observations, it is unlikely that grains
other than dust are currently being transported
by wind at the landing site.

Undercut rocks, perched rocks, and other
features discussed above suggest that the sur-
face within Gusev Crater has been lowered
over time. We infer, for example, that the
bright zone of the two-toned rocks represents
the buried part, similar to two-toned rocks
seen in deserts on Earth and at the MPF site
(23, 24). Burial could have occurred as part
of a widespread deposit or by the passage of
a bedform, such as a dune. If all of these
features are the result of widespread defla-
tion, measurements of the undercut rocks, the
height to the boundary between the bright and
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dark parts of the two-toned rocks, the height
of the largest of the bright (light-toned) rocks,
and the perched rocks would suggest local
deflation of 5 to 60 cm. Thus, there must have
been previous deposition on this order.
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R E P O R T

Localization and Physical Properties Experiments
Conducted by Spirit at Gusev Crater
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The precise location and relative elevation of Spirit during its traverses from the
Columbia Memorial station to Bonneville crater were determined with bundle-
adjusted retrievals from rover wheel turns, suspension and tilt angles, and overlap-
ping images. Physical properties experiments show a decrease of 0.2% per Mars solar
day in solar cell output resulting from deposition of airborne dust, cohesive soil-like
deposits in plains and hollows, bright and dark rock coatings, and relatively weak
volcanic rocks of basaltic composition. Volcanic, impact, aeolian, and water-related
processes produced the encountered landforms and materials.

During the first few Mars solar days (sols) (1)
of operations, we determined the landed loca-
tion in inertial coordinates by analyzing Spirit-
to-Earth two-way X-band Doppler transmis-
sions and two passes of ultrahigh-frequency
two-way Doppler between Spirit and the Mars
Odyssey orbiter. The equivalent location in the
International Astronomical Union (IAU) 2000
body-centered reference frame is 14.571892°S,
175.47848°E. The location with respect to sur-
face features was derived by the correlation of
hills and craters observed in images taken by
the Pancam, the Entry Descent and Landing
(EDL) Camera, and the Mars Orbital Camera.
On the basis of these analyses, the landing site
is located at 14.5692°S, 175.4729°E in IAU

2000 coordinates, �300 m north-northwest of
the radiometric solution. This offset is consis-
tent with the map tie errors between inertially
derived coordinate systems and those derived
from image-based coverage of the planet.

Localization experiments during traverses
focused on systematic acquisition of forward-
and backward-looking overlapping images, on-
board inertial measurement unit (IMU) obser-
vations to derive rover tilt, and tracking the
number of wheel turns to provide wheel-based
odometry. These observations were employed
in a least-squares bundle adjustment to solve for
the position and orientation of Spirit in local
Cartesian coordinates at discrete locations dur-
ing traverses (Fig. 1 and Plate 14). In addition,

measurements of differential rocker and bogie
angles in the suspension system, together with
IMU data, were used to reconstruct the eleva-
tion of each wheel at a 2- to 8-Hz sample rate
relative to the start of each traverse (Fig. 1).

Localization results were extracted for 33
traverse segments from the Columbia Memori-
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