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The soils at the Opportunity site are fine-grained basaltic sands mixed with dust and
sulfate-rich outcrop debris. Hematite is concentrated in spherules eroded from the
strata. Ongoing saltation exhumes the spherules and their fragments, concentrating
them at the surface. Spherules emerge from soils coated, perhaps from subsurface
cementation, by salts. Two types of vesicular clasts may represent basaltic sand
sources. Eolian ripples, armored by well-sorted hematite-rich grains, pervade
Meridiani Planum. The thickness of the soil on the plain is estimated to be about
a meter. The flatness and thin cover suggest that the plain may represent the
original sedimentary surface.

Martian soils (1) are remnants of their source

rocks and thus provide insight into geologic

processes and history on local, regional, and

global scales. Whether soils are actively

changing or represent static records of past

climates is a key question for Mars. The soils

of Meridiani Planum, where Opportunity

landed, contrast with soils at sites visited by

the Viking Landers, Mars Pathfinder, and

Spirit. The regional albedo of Meridiani

Planum is È0.12, among the lowest on Mars

(2, 3). Mars Global Surveyor (MGS) Mars

Orbiter Camera (MOC) images (4) show that

the floors of the sparse impact craters, such

as Eagle and Endurance (5), are slightly

darker than the surrounding plains. Some

observers have suspected that these dark

crater floors represent active, saltating dark

sand deposits (6, 7). Meridiani Planum is

also unique in its orbital signature; the MGS

Thermal Emission Spectrometer showed the

strongest, most extensive signature for

coarsely crystalline hematite of any region

on the planet (8). Because most modes of

hematite formation involve liquid water,

Meridiani Planum is a prime site for explo-

ration. Understanding the nature of its un-

usual soils, confirming the existence and

understanding the nature of occurrence of

hematite, and relating these to the regional

geologic history are key objectives of Op-

portunity_s mission and are the subject of

this report.

During landing, Opportunity bounced

È26 times, traveled È300 m across Meridiani

Planum, and finally came to rest inside 20-m-

diameter Eagle crater. The airbags remained

clean (Plate 1), unlike those of Pathfinder

and Spirit, which were stained with reddish

dust (9, 10). Evidently the Meridiani surface

is less dusty, presumably because of ongoing

deflation by wind, stripping away dust left

by annual global storms. Airbag bounce

marks on the crater floor indicate that de-

flation leaves a thin, dark lag deposit that is

easily depressed into the brighter, redder

subsurface soil. Two crater-floor trenches

show brighter materials just below the sur-

face (Plates 14 and 16). Panoramic Cam-

era (Pancam) images show the 750-nm

albedo of the surface to be È30% darker

than that of the trench floor (Plate 14). Other

landing sites usually show the reverse; in

general, the surface is brighter than the

subsurface when exposed by tracks and

trenches (9, 11).

Pancam images, Miniature Thermal Emis-

sion Spectrometer (Mini-TES), MPssbauer

Spectrometer (MB), and Alpha Particle X-

Ray Spectrometer (APXS) data for the

relatively dust-free, dark sand surface at

Tarmac, a soil site reached soon after

Opportunity_s egress, show that the composi-

tion and mineralogy of an olivine-bearing

basalt with È10% of the Fe is in the form of

hematite (3, 12–14). Microscopic Imager

(MI) images show that this dark surface sand

is finer than È150 mm (15). The grain size

expected to be most easily moved by

saltation on Mars is È100 mm (16). Pancam

images show well-developed eolian saltation

impact ripples of varying wavelengths across

the crater floor. The lower limit of the sand

grain size is unknown, owing to the MI

resolution (pixel size È30 mm). However, we

suspect the sand to be well sorted roughly in

the size range 50 to 150 mm, because the

bulk of the grains are resolvable in the MI

images (2 to 5 pixels) and most of the sparse

sand grains lying silhouetted on the brighter

outcrop are resolvable (15).

The low albedo of the surface soils in

Eagle crater shows it to be relatively dust-

free. Further, when pressed into the Tarmac

sand, the MB footprint exhibited poorly de-

fined margins, as would be expected for

cohesionless sand-sized particles. No com-

paction was apparent; the fine-grained sand

simply flowed around coarser clasts (15). By

contrast, when the MB was pressed into the

bright, reddish floors of the trenches, the ma-

terials were compacted with well-preserved

imprints, as expected for cohesive silt- to

clay-sized particles (15, 17). It is our

interpretation that the surface of the crater

floor is covered by a deposit of actively

moving, fine-grained dark sand that is least

dusty and darkest at its surface and increases

in dust content below the surface. Trench

walls in the Eagle crater floor exhibit some

clods and clumps, suggesting very weak

cohesion, although any cementation is
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weaker than that found at other landing sites

and on Meridiani Planum (11, 17, 18).

Before Opportunity drove off the lander,

Mini-TES mapped the abundance of hema-

tite across the floor and rim of Eagle crater

and out onto the Meridiani plain (Plate 3 and

Fig. 1) (12). The hematite abundance

decreases from northwest to southeast across

the crater floor, increases toward the crater

rim and out onto the plain, and is lowest in

the bounce marks. The visible–near-infrared

reflectance spectrum of fine-grained hematite

(as well as many Fe3þ minerals) shows a

broad absorption feature with a minimum near

0.9 mm and a rapid increase in reflectance

toward 1.0 mm (3). A ratio of Pancam images

at 1.00 mm and 0.93 mm shows a pattern

consistent with Mini-TES measurements

between the hematite-poor bounce marks

and undisturbed soil (Fig. 1B). Evidently the

hematite occurs in a thin surface lag that is

easily pushed into the hematite-poor soils.

Ultimately the Mini-TES hematite signature

was traced by MB and APXS (12–14) to the

ubiquitous spherules on Meridiani Planum

believed to be have been formed as con-

cretions in the outcrop during diagenesis (19).

Global circulation models (20) and bright

wind streaks seen in MOC and descent

images indicate that the current prevailing

wind direction is to the southeast. The Op-

portunity Ledge outcrop is centered in the

northwest wall of Eagle crater (19); we infer

that it is being exposed by wind deflation,

the fine-grained basaltic sand that buries the

outcrop being stripped off and deposited on

the crater floor and opposite wall. This sand

deposit terminates on the downwind crater

rim in a large sinuous crested eolian bedform

(Plate 2). Its sharp crest and steep outward

slope (È30-) suggest a dune slip face. Also

visible in Plate 2 are bright dust deposits in

the lee of the crest. These represent the

thickest local accumulations of bright dust

found at the Meridiani site.

During sols 60 to 90 (21), Opportunity

drove È570 m to the east across Meridiani

Planum toward Endurance crater (22). In

contrast to the floor of Eagle crater, the flat

plain is characterized by ubiquitous small

sinuous crested eolian bedforms (Plate 2 and

Fig. 2) and intervening troughs. These

crested forms are È10 cm wide, meters long,

and 1 to 2 cm high; the spacing between ripple

crests is tens of centimeters. Such forms also

occur on the northern and western inner walls

of Eagle crater where they lap over the rim

from the plains (Plates 1 and 2). Using its

front wheels, Opportunity dug a trench

through one of these bedforms on sol 73

(17). MI and Pancam images of the Ripple-X

trench wall cut through the crest (17) show

none of the internal stratification that might

be expected for small active dunes. The

bedforms are similar to granule-armored

eolian ripples studied by Spirit in Gusev

crater (11, 23, 24). In both cases, the crests

are armored with well-sorted millimeter-

sized rounded granules that overlie fine-

grained sand and dust. These granules appear

to form as millimeter-sized grains, driven

across the surface by creep induced by the

impact of saltating sand-sized particles or

rolled directly by the wind, pile up, and

migrate in sinuous swaths. The resulting

armor impedes removal of the subjacent

sand. Thus, as saltating sands move through

the system, fine-grained particles are contin-

uously removed from adjacent troughs,

leaving elevated, armored ripple crests.

Pancam images of the MI-accessible

targets can be acquired from as close as

È1.5 m with pixel spacing of È0.4 mm.

Although the limiting Pancam optical reso-

lution is È1 mm (3), these oversampled

images provide high signal-to-noise for

multispectral analysis of the clasts. By

merging the Pancam spectral cubes with the

higher resolution (30 mm/pixel) MI images,

composite image cubes are made that permit

correlation of spectral classes with the

morphologies of individual clasts (Fig. 3).

Even with some exaggeration of the natural

color (Fig. 3B), variation among the clasts is

difficult to distinguish. By including the near-

infrared bands (0.8 to 1.0 mm), the spectral

variations are more apparent (Fig. 3C).

Several types of soil clasts can be

identified at the Chocolate Chip soil site

near the center of the Eagle crater floor (Fig.

3). In addition to the spherules that are

yellow, orange, and purple in the near-

infrared color composites, two other types

of lithic fragments, most likely basalt clasts,

are also evident (blue and green in Fig. 3C).

They exhibit vesicles, are irregular in shape,

and have rounded edges, presumably owing

Fig. 1. (A) Mini-TES map of hematite abundance for a section of the floor of Eagle crater near the
lander acquired before egress (red, high; blue, low). (B) Pancam ratio image of bounce marks
acquired from the south rim of Eagle crater (sol 60) using images acquired for two near-infrared
bands (R7/R6; central l: 1001 nm and 933 nm). Bounce marks are roughly a meter in diameter.

Fig. 2. Pancam-enhanced natural
color image (RGB: L2, L5, L7;
central l: 753 nm, 535 nm, and
440 nm) of ubiquitous small
crested bedforms of Meridiani
Planum at Anatolia (sol 71). The
foreground width of the image is
È2 m.
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to abrasion by basaltic sand. There may be

two different basaltic sources. Although most

are 3 to 5 mm in diameter, spherule diameters

are 0.6 to 6 mm (15). Most lithic fragments

are 1 to 3 mm in size, although cm-sized

cobbles, possibly of basaltic composition, are

scattered in Eagle crater.

At the Chocolate Chip site, the spherules

exhibit a correlation between their spectral

reflectance and their depth of burial in the

soil (Fig. 3). Our interpretation is as follows.

As they are exposed by wind deflation,

spherules emerge coated with brighter mate-

rial. The coatings have been abraded from

the spherules that have fully emerged and are

now perched on the surface. These are

darkest and least red in their overall spectra

(their actual color would be gray) (3) and

exhibit the strongest broad Fe3þ absorption

band centered at 0.9 mm (Fig. 3D). A few

that are broken exhibit the same spectra in

their interiors, leading to the conclusion that

the darker, perched spherules are uncoated.

Spherules that are still about half buried

show this absorption band weakly in their

centers, where the path length through a thin

coating would be minimized. The most

deeply buried and heavily coated spherules

(bright yellow in Fig. 3, A and C) show a

rougher texture; in most cases, dark grains

(presumably basalt) are visible in or on the

coatings. The spectral reflectance of these

thick coatings is similar to that of bright

martian dust and to the Eagle crater sulfate-

rich outcrop materials. Some bright granules

probably are outcrop fragments.

A possible explanation for the origin of the

coatings involves formation while spherules

reside in the uppermost few millimeters of the

soil, where salts interact with low-level mois-

ture that interchanges diurnally between the

surface and atmosphere (25). Alternatively, the

coatings may be remnants of sulfate-rich out-

crop material still adhering to spherules. Most

spherules found at the base of the outcrop are

uncoated. However, these may not have been

derived from local outcrop but rather may

have been transported from the adjacent plains

down-slope into the crater (12).

Pancam multispectral images of the Eagle

crater soil clasts (e.g., Fig. 3) exhibit greater

variability in reflectance (0.4 to 1.0 mm) of

lithologic materials than previously observed

in data collected from the surface, from

orbit, or from Earth (3). Abrasion of the

surfaces in Eagle crater by actively saltating,

fine-grained sand, coupled with the diverse

collection of materials, both derived locally

and carried into the crater by wind and

impact, accounts for the observed spectral

diversity. This abrasion may enhance the

TES orbital hematite signature (8). Many

spherules show pitted surfaces; others are

smooth, suggesting variable exposure to the

abrasive eolian environment.

MI images of the troughs between the

pervasive ripples on the Meridiani plains

(Fig. 2) reveal that most of the clasts are

spherules (Fig. 4A) whose Pancam spectra

are the same as those of the uncoated

spherules found in Eagle crater. Compared

to the crater floor, the plains exhibit a greater

abundance of bright red material, likely silt-

sized or finer dust and sulfate-rich outcrop

material. MB imprints in the ripple crests

show that the grains are cemented by a

surface crust of this bright red material (15).

Vesicular fragments like those on Eagle

crater floor are rare. Mixed with the hema-

titic spherules in the troughs are smaller

fragments that exhibit the same Pancam

spectrum as the spherules (3). This, coupled

with the arcuate edges of a few of the

fragments, suggests that they are broken

spherules. Figure 4B shows the densely

packed population of rounded and sorted

spherule fragments that armor the ripples in

Meridiani Planum. A combination of Mini-

TES, MB, and APXS data confirms that these

rounded granules are hematitic (12–14).

Indeed, because of the small contribution of

basaltic sand on the crests, MB data for these

armors or pavements show the highest mea-

sured concentration of hematite (14). The

grains are well sorted with a mean diameter

of È1 mm (SD È0.3 mm). The coarse

basaltic sand grains that armor the ripples

on the Gusev plains have mean diameters of

È1.8 mm (24). The smaller mean diameter at

Meridiani could be related to higher specific

gravity of the hematitic grains or to higher

threshold wind speeds.

Trends in compositional variations can

help to elucidate the sources of the soils.

The elemental composition of Meridiani

soils, as measured by APXS, is quite close

to the results for previous sites (13),

although soil compositions from the differ-

ent sites differ in detail (Fig. 5) (26–30).

Whereas Meridiani soils lie atop a sulfate-

rich evaporite deposit, they exhibit the

lowest average S concentrations of all

sites. Fe enrichment trends toward the

Fig. 3. Merge of MI
and 13-filter Pancam
images of Chocolate
Chip soil target on
the floor of Eagle cra-
ter from sol 54. (A)
Pancam visible–near-
infrared false-color
image (RGB: filters
R7, R2, R1; central l:
1001 nm, 750 nm, and
440 nm). MI footprint
shown in red is 3 cm
wide. (B) Enhanced
natural-color MI-Pancam
merged image (RGB:
filters L2, L5, L7; cen-
tral l: 750 nm, 535
nm, and 440 nm; im-
age width 3 cm). (C)
Visible–near-infrared
false-color MI-Pancam
merged image (RGB:
filters R7, R2, R1; im-
age width 3 cm). (D)
Spectral reflectance of
selected clasts.

Fig. 4. Merge of MI
and 13-filter Pancam
images of typical Me-
ridiani Planum ripple
and trough acquired
on sol 73. (A) En-
hanced natural-color
MI-Pancam merged
image of inter-ripple
trough (RGB: filters
L2, L5, L7; central l:
753 nm, 535 nm, and
440 nm; image width
3 cm). (B) Same MI-
Pancam image version
of ripple crest [color filters and processing as in (A); image width 3 cm].
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hematite-rich soils, consistent with the

occurrence and abundance of ferric-iron–

rich spherules as components in the soils.

Apart from those that exhibit Fe3þ enrich-

ment, Meridiani soil compositions cluster

near Pathfinder and Viking soils. Two of

the Meridiani soils with highest SO
3

con-

tent (Fig. 5A) are among the most oxidized

of the spherule-poor soils (Fig. 5B). These

may be the best candidates for airborne

dust. The higher Fe in Meridiani soils

cannot be explained by igneous rocks of

the class of Bounce rock (22) nor of the

bulk matrix in the outcrop. However, ad-

mixture of weathered-out hematite spherules

and their fragments could increase the Fe in

this soil to the observed composition. Abun-

dances of sulfates in Meridiani soils are lower

than those found in outcrop materials by a

factor of 4 to 5, consistent with erosion of

these weak rocks with near complete removal

of the outcrop debris by active eolian activity.

Soils must dominate Meridiani Planum_s
regional signatures of basalt and hematite

observed from orbit. The hematite signature

is imparted by hematitic spherules and their

fragments eroded from sulfate-rich evaporite

rocks. The source of the basalt sand remains

unknown. Although Eagle crater sand is

dominantly olivine-bearing basalt, MB data

show that È10% of the Fe in the Tarmac soil

is in the form of hematite (14). A model

composition for the Meridiani basalt suggests

a slightly higher FeO concentration than for

the Gusev basalts. The Fe-poor Bounce rock

pyroxene-rich basalt (3, 12–14, 22) is not the

source of the basaltic sand. One or both of

the vesicular clasts (blue and green in Fig. 3)

could be examples of the source lithology. If

so, the vesicular grains suggest that the

source may have been a coherent basaltic

rock rather than volcanic ash. The ejecta of

Eagle, Fram, and 170-m-diameter Endurance

craters (Opportunity was È200 m from

Endurance on sol 90) do not show strewn

fields of basalt that should have been

excavated from depth if there were a compe-

tent basaltic unit in the near subsurface. The

many dark cobbles on the plain and in Eagle

crater could, like Bounce rock (22), be

impact erratics and may not represent the

local source. If basaltic sand is not locally

derived, it could have been transported by

saltation from adjacent regions. Grains from a

coherent basaltic rock could survive transport

over hundreds of kilometers (20).

On the traverse to Endurance crater,

outcrops were observed at shallow depths:

outside the rim of Eagle crater, near the

linear troughs Epossibly a fracture system

(22)^ at Anatolia (Fig. 2), and at Fram crater

(Plate 4) located on a regional rise (17). Soil

often is thinly draped over underlying blocks

of outcrop. Thus, the soils on the plains are

probably only on the order of a meter thick.

The concentration of spherules in the Eagle

crater outcrop is roughly 1 to 2% by volume

(19). Given that the spherules are concentrated

at the surface, being sparse in trenches, the

spherules may comprise a layer no more than

a centimeter thick. This would suggest that the

amount of eroded sulfate-rich strata needed to

generate the observed spherules would be a

few meters at most. The flat nature of the

Meridiani Planum is striking; nowhere do we

see erosional remnants (mesas or hillocks) of

stratigraphically higher units. It also seems

unlikely that most of the spherules have been

transported out of the region or destroyed by

mechanical erosion. Taken together, these

observations suggest that the current plains

surface is approximately at the top of the

original evaporite stratigraphic sequence.
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Fig. 5. Trends in sulfate (A) and iron-oxidation state (B) among Meridiani soils and local sources materials. Shown for comparison are Gusev soils and
rocks and average soil from the Viking 1 and 2 and Pathfinder sites. Green arrows are schematic and denote compositional end members that
constitute the Meridiani soils.
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