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In Situ Evidence for an Ancient Aqueous
Environment at Meridiani Planum, Mars
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Sedimentary rocks at Eagle crater in Meridiani Planum are composed of fine-grained
siliciclastic materials derived from weathering of basaltic rocks, sulfate minerals
(including magnesium sulfate and jarosite) that constitute several tens of percent of
the rock by weight, and hematite. Cross-stratification observed in rock outcrops
indicates eolian and aqueous transport. Diagenetic features include hematite-rich
concretions and crystal-mold vugs. We interpret the rocks to be a mixture of
chemical and siliciclastic sediments with a complex diagenetic history. The en-
vironmental conditions that they record include episodic inundation by shallow
surface water, evaporation, and desiccation. The geologic record at Meridiani Planum
suggests that conditions were suitable for biological activity for a period of time in
martian history.

The primary objective of the Mars Explora-

tion Rover mission is to search for evidence

in the martian geologic record of environ-

mental conditions that might once have been

suitable for life. Elsewhere in this issue (1)

we describe the geologic setting in and

around Eagle crater (2), the small impact

crater in Meridiani Planum where the rover

Opportunity landed. Here, we describe rocks

exposed in the wall of Eagle crater in more

detail and consider their implications for

past aqueous processes and habitability.

Stratigraphy and sedimentology. The

outcrop at Eagle crater can be mapped (Fig. 1)

on the basis of color, morphology, texture,

and structural attitude revealed in Pancam

images (3). The maximum stratigraphic thick-

ness exposed at any location within the out-

crop is about 30 to 50 cm. Although the

units we have mapped reveal a complex

stratigraphy, intense brecciation associated

with the impact event hinders reconstruction

of the relative ages. Postdepositional surface

weathering and collapse may also have con-

tributed to brecciation.

The western part of the outcrop forms map

unit A and includes an area called Shoe-

maker_s Patio up to the point marked by the

Slickrock fault. This unit is characterized by

large breccia blocks and by the highest albedo

(È0.30) within the outcrop when viewed in

bulk. Bedding within blocks shows dips of 0-
to 15-, defined by fine planar lamination, low-

angle cross-stratification, and cross-bed sets as

thick as 7 cm (Fig. 2A). Embedded spherules

are present, but vugs are rare to absent. The

margins of some breccia blocks show rims

with raised relief and redder colors (3).

Map unit B, extending from the Slickrock

fault northeastward toward the rock called El

Capitan, is characterized by large blocks that

are lower in albedo than those in map unit A.

Bedding within the blocks is steep on the east

side of the fault, with dips up to 60- as ob-

served at Slickrock and a rock called the Dells.

Bedding within unit B is characterized by pla-

nar lamination to low-angle cross-stratification

(Fig. 2B), ripple cross-lamination (Plate 7), and

crinkly to undulatory lamination (Fig. 2C).

Embedded spherules and vugs are abundant.

Map unit C includes El Capitan and other

rocks along the northern and outer margin

of Eagle crater. Bedding planes are nearly

horizontal, and bedding is more poorly ex-

pressed than elsewhere. In the upper part of

El Capitan (Guadalupe), the bedding is only

faintly visible. Embedded spherules are pres-

ent and vugs are abundant. The upper part of
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unit C has greater relief than the lower part,

a more massive appearance, a redder and

more mottled color, and possibly a greater

amount of intergranular cement. It is also

the strongest material found in Eagle crater,

as revealed by Rock Abrasion Tool (RAT)

grinding energy (4).

Map unit D includes the eastern part of the

outcrop, named Big Bend. This unit is char-

acterized by relatively intact stratigraphy, with

dips of 20- to 30- that define a northeast-

plunging open fold. The outcrop here exhibits

strong eolian etching parallel to bedding,

giving it a ribbed appearance. Sedimentary

structures include ripple cross-lamination

(Plate 6) and crinkly bedding. Spherules are

present, but vugs are rare to absent.

Map unit E represents zones within the

outcrop consisting of brecciated blocks with

or without visible bedding, but for which no

other attributes can be assigned, in some

areas because the rover did not examine

them in sufficient detail.

Microscale texture. Microscopic Imager

(MI) images (5) reveal four physical con-

stituents in the outcrop. The primary compo-

nent consists of moderately rounded medium

to coarse sand-sized grains; these grains are

well sorted within laminae but show some

variations in grain size among layers. Espe-

cially in the well-laminated rocks of unit B,

individual laminations are a single grain thick,

with lamina thickness varying from 0.3 mm to

nearly 1 mm (Fig. 2D). The second compo-

nent is the gray spherules that are embedded

in all units of the outcrop (Fig. 3). Spherule

diameters are typically 4 to 6 mm. The third

component is cement, which is fine-grained

through much of the unit. Locally, coarser

millimeter-scale cement crystals are observed

to form sockets around some spherules (5).

Finally, vugs are common in some units

(Fig. 4). The vugs have tabular prismatic

shapes and random orientations that cut

across lamination, and they intersect the sur-

face to form openings with typical widths of 1

to 2 mm and lengths of È1 cm. Sharp angles

are common for vugs not rounded by weath-

ering; in particular, many vugs are thickest

in the middle and taper toward both ends.

Chemistry and mineralogy. The ele-

mental composition of the Eagle crater out-

crop, as measured with the Alpha Particle–

X-Ray Spectrometer (APXS), is most

noteworthy for high concentrations of sulfur,

with nearly 25 weight percent SO
3

found in

some locations (6). This proportion of S is

greater than that in typical Meridiani soils

(7) by a factor of È5 and greater than in the

basaltic rocks at the Gusev crater landing

site investigated by Spirit (8) by a factor of

nearly 20. Although S is strongly enriched in

the Eagle crater outcrop, Cl is not; hence, if

both are present in salts, fractionation by

differential solubility may have occurred.

Overall, the high concentrations of S

in the outcrop are most readily explained

by high abundances of sulfate salts. Min-

eralogic observations from the MPssbauer

spectrometer and the Miniature Thermal

Emission Spectrometer (Mini-TES) confirm

this interpretation. The MPssbauer spectrom-

eter has detected the ferric sulfate mineral

jarosite E(K,Na,H
3
O,Xþ1)Fe

3
(SO

4
)
2
(OH)

6
^

in all exposures of the outcrop (9), and

Mini-TES spectra of the outcrop indicate

È20 to 40% by weight of Mg and Ca

sulfates (10).

Fig. 1. Pancam images of the outcrop in Eagle crater, in a vertical projection overlain with map units.
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Another noteworthy characteristic of the

outcrop rocks is that the concentration of bro-

mine is highly variable, ranging from 30 ppm

or less to as much as 440 ppm (6). These

variations are found over small length scales;

Br concentrations in two RAT holes in El

Capitan (Guadalupe and McKittrick) differ

by more than an order of magnitude, even

though their locations differ by only 20 cm

in elevation. The lowest Br concentrations in

the outcrop yield Cl/Br ratios comparable to

the chondritic Cl/Br ratio, whereas the highest

are substantially enhanced in Br. Bromides

are generally more soluble than chlorides of

the same cations, and large local enhance-

ments in Br relative to Cl are sometimes

found in terrestrial evaporite deposits (11, 12).

On Earth, the most common þ1 cation

in jarosite is Kþ, but K is impoverished in

the outcrop and Naþ or H
3
Oþ must compen-

sate. The most abundant available cation by

far is Mg2þ. One or more hydrated Mg sul-

fate salts, such as kieserite, hexahydrite,

and/or epsomite, may be present. Adequate

Na is available for halite, although bischofite

EMgCl
2
I6(H

2
O)^ or antarcticite ECaCl

2
I6(H

2
O)^

could be present. Ca sulfates (anhydrite, bas-

sanite, gypsum) may also be found in the

outcrop, as well as various double salts with

Naþ, such as bloedite, vanthoffite, or glau-

berite. These geochemical inferences are sup-

ported by the Mini-TES data that indicate

substantial quantities of Mg and Ca sul-

fates. If all the Mg and two-thirds of the Ca

are in the form of sulfates, the balance of

the S can be accounted for by jarosite. Most

of these candidate salts, including the jaro-

site detected by the MPssbauer spectrome-

ter, are hydrated compounds, probably

providing at least some of the hydrogen

atoms that have been detected from orbit

over Meridiani Planum by the Mars Odys-

sey Gamma-Ray Spectrometer experiment

(13).

Along with sulfate salts, the outcrop rock

must contain a substantial fraction of silici-

clastic materials. APXS data show that the

elemental composition of this component is

basaltic in character (6), but evidence for

primary igneous minerals is weak. Mini-TES

detections of small amounts of olivine, pyrox-

ene, and feldspar in outcrop exposures are

best explained as surface contamination by

the abundant wind-blown basaltic sand (10).

The MPssbauer spectrometer detected no

olivine in outcrop rock exposed by the RAT,

and only a weak feature that is provisionally

Fig. 2. (A) Pancam image of Shoemaker’s Patio, showing a cross-
bed set (red arrow) that runs from upper right to lower left, with
a thickness of 5 to 7 cm. This is an approximate true-color
rendering of images acquired on sol 50 (38) and generated with
Pancam’s 600-, 530-, and 480-nm filters. (B) Pancam image of
Slickrock, showing planar/low-angle bedding. Scale across image
is È60 cm (image ID 1P129958307). (C) Pancam image of the
Dells, showing crinkly and undulatory lamination. Scale across

image is È55 cm (image ID 1P131822391). (D) MI image of laminations that are a single grain thick. Scale across image is È30 mm (image ID
1M131912465). (E) Pancam image of Scoop, a rock just outside Eagle crater, showing small-scale ripple cross-lamination with festoon geometry (red
arrow). Scale across image is È40 cm. Sum of six left-eye images obtained on sol 52.
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assigned to pyroxene but that could be some

other Fe2þ phase (9).

The spherules differ in composition from

the rock in which they are embedded. Pancam

images show that the spherules have dis-

tinctly different visible and near-infrared

spectral properties than the rock (3). Because

the spherules are much smaller than the fields

of view of the APXS and MPssbauer instru-

ments, it is not possible to isolate individual

spherules for detailed compositional analysis

by these instruments. However, two indepen-

dent observations demonstrate that their com-

position is dominated by hematite. First, Mini-

TES observations of spherules that lie atop

Meridiani soil show that the concentration

of hematite as detected by Mini-TES cor-

relates with the fraction of the Mini-TES

field of view filled by spherules (10). Sec-

ond, a MPssbauer measurement was made

on an accumulation of loose spherules that

are fortuitously concentrated together in a

local topographic depression in the out-

crop named the Berry Bowl. This measure-

ment shows a strong hematite signal relative

to a measurement made on spherule-free

outcrop immediately adjacent to the Berry

Bowl (9).

Other observations also point to a strong

hematite concentration in the spherules. APXS

measurements of the Berry Bowl show anom-

alously high Fe and a high Fe/Mn ratio (6).

Pancam spectra of spherules are also indic-

ative of hematite (3), and spherules sectioned

with the RAT show consistent Pancam spec-

tral properties throughout their interiors, indic-

ating that the hematite is not simply present

in coatings. Indeed, the spherules, which are

strewn across most soils at the Opportunity

landing site (14), both inside Eagle crater

and on the surrounding plains, appear to be

the primary carriers of the coarse-grained

gray hematite that was detected from orbit

by the Mars Global Surveyor TES instru-

ment (15). Not all hematite is in spherules,

however, because the MPssbauer spectrome-

ter also detects hematite in spherule-free out-

crops (6), albeit at lower concentrations than

in the spherules. Grinding of the outcrop with

the RAT consistently produces a pronounced

brick-red stain in the RAT cuttings (3). This

color differs from that of the outcrop and

is consistent with production of fine-grained

hematite, perhaps from both the rock and

the spherules, during the grinding process.

Cross<stratification. Stratification styles

observed in the rocks of Eagle crater include

planar lamination, low-angle cross-stratification,

cross-bedding, ripple cross-lamination, and

crinkly and undulatory lamination.

A

B

Fig. 3. (A) MI image of a spherule showing
banding across it, aligned with local lamination
in the surrounding sediments. Scale across
image is È15 mm (image ID 1M130760791).
(B) A ‘‘doublet’’ spherule formed by two in-
terpenetrating spherules. Scale across image is
È13 mm (image ID 1M130672582).

A

B

Fig. 4. (A) Pancam image of vugs in El Capitan, acquired on sol 27 and generated with Pancam’s
750-, 530-, and 480-nm filters. Scale across image is È43 cm (image ID 1M130670922). (B) MI
mosaic of vugs in El Capitan. Scale across each individual image frame is 30 mm (image IDs
1M130670922 and 1M130671284).
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Planar lamination and low-angle cross-

stratification are well developed in several

locations, particularly at Slickrock and Shoe-

maker_s Patio. MI images at Slickrock show

laminations of single-grain thick layers (Fig. 2D)

suggestive of eolian sediment transport (16).

At Shoemaker_s Patio, a single cross-bed set

with thickness of 5 to 7 cm is preserved (Fig.

2A). The set is truncated at either end because

of brecciation, so bed set geometry is uncon-

strained, but cross-strata lap downward tan-

gentially against the lower bounding surface.

This geometry represents deposition of either

subaerial or subaqueous dunes (17). The pres-

ence of adjacent breccia blocks with planar

lamination and low-angle cross-lamination

suggests that eolian processes may have been

dominant here, perhaps forming in response to

the passage of adhesion ripples on an ag-

grading and moist depositional surface.

In contrast, ripple cross-lamination with

festoon geometry is present at the rock called

Last Chance (Big Bend area; Plate 6), at the

Dells (Plate 7), and in an isolated rock called

Scoop (Fig. 2E) on the southwest rim of the cra-

ter. Ripple cross-laminae sets are 0.8 to 1.7 cm

thick. The sets at Scoop may be climbing.

These geometries indicate sediment transport

in subaqueous ripples. The reconstructed

former bedforms are inferred to be only a

few centimeters in size and are therefore too

small to be eolian dunes (17, 18). But they

are also too large (and of the wrong geome-

try) to be the climbing translatent cross-strata

produced by eolian wind ripples (16, 19).

Their size is, however, consistent with sub-

aqueous formation. Also, their festoon ge-

ometry requires that the reconstructed ripples

have three-dimensional geometry defined by

highly sinuous crestlines. Such bedforms are

known only to develop in subaqueous, sub-

critical flows, with velocities as fast as a few

tens of centimeters per second (17, 18, 20).

Mars_ lower gravity has only a small effect

on the initiation of sediment transport and

bedform size (20, 21), posing no challenge to

the subaqueous interpretation.

Diagenetic features. The rocks exposed

in Eagle crater exhibit a complex diage-

netic history. Observed diagenetic features

are consistent with formation within the fluid-

saturated (phreatic) zone of a groundwater

system (22, 23). There is minimal disruption

of primary sedimentary features, which sug-

gests that diagenetic processes involved little

bulk volume change.

The most conspicuous diagenetic features

are the hematitic spherules (Fig. 3). These are

found in all rock exposures in Eagle crater

and represent È2% of the rock by volume.

They exhibit a narrow size range, and their

shapes deviate only slightly from spherical.

Spherules sectioned by the RAT lack inter-

nal structure at scales visible to the MI (5).

The spatial distribution of spherules within

outcrop rock is more uniform than a spatially

random (i.e., Poisson) distribution; in partic-

ular, they are not concentrated along bedding

planes. Spherules generally do not disturb sur-

rounding laminations, but some show

banding or grooves that parallel the lamina-

tion in the rock that immediately surrounds

them (Fig. 3A). Most spherules occur as

single bodies, but occasionally they are

found as doublets or triplets (Fig. 3B). Their

resistance to weathering and to grinding with

the RAT (4) indicates that spherules are

harder than the surrounding rock.

On the basis of these characteristics and

their hematite-dominated composition, we

interpret the spherules as concretions that

formed during early burial diagenesis, after

the primary phase of compaction and under

near-isotropic permeability and near-static

fluid conditions (24, 25). Their formation

may have involved replacement of preexisting

sulfate minerals and filling of primary po-

rosity. The fact that the concretions formed

within sandy sediments but do not preserve

sandy textures in their interiors suggests that

dissolution was involved and that the silic-

iclastic grains within the rock are much

smaller than sand size. The exact chemical

reactions involved in spherule formation are

not well constrained, but breakdown of jaro-

site to form hematite during a period of fluid

recharge is thermodynamically plausible.

The vugs (Fig. 4) are unevenly distributed

at Eagle crater, but in the rocks where they

are present, they typically cover about 5% of

the surface. When abraded by the RAT

(providing a deeper view into the rock), the

apparent size of vugs can expand; this sug-

gests that they are related to chemical disso-

lution rather than physical erosion. Because of

this characteristic, and especially because of

their tabular shape, we interpret the vugs to

represent a crystal-mold porosity (26) formed

by dissolution of a relatively soluble mineral

phase (or phases), likely sulfates.

Crosscutting relationships suggest that the

concretions postdated the formation of the

primary vug-filling minerals, and that the de-

velopment of secondary porosity that yielded

the vugs postdated the formation of concre-

tions (Fig. 5). Because spherules crosscut and

truncate vugs, the vug-filling minerals pre-

sumably were present first. But there is no

perturbation of the spherical shape of con-

cretions where vugs abut against them or

where concretions impinge into vug space;

this finding implies that the secondary po-

rosity was not present when the concretions

formed.

In addition to spherule and vug formation,

one or more episodes of cementation may have

taken place in the outcrop rock. Lithification is

likely related to pore-filling cement consisting

of sulfate minerals and possibly hematite. Parts

of the outcrop (e.g., Guadalupe) are much

more resistant to the RAT and have a more

massive appearance where freshly exposed,

perhaps because of a locally higher degree of

cementation and/or an episode of recrystalliza-

tion. In places, exposed concretions are

surrounded by a socket that could represent

another generation of recrystallization.

History. We interpret the rocks of the

Eagle crater outcrop to be a mixture of chem-

ical and siliciclastic sediments with a com-

plex diagenetic history. The environmental

conditions that they record are episodic inun-

dation by surface water to shallow depths,

followed by evaporation, exposure, and des-

iccation. The festoon cross-lamination pro-

vides evidence for inundation by water, the

mineralogy and geochemistry indicate pre-

cipitation of dissolved salts, and the planar to

low-angle lamination and larger scale cross-

bedding are consistent with sediment trans-

port across a dry surface. Terrestrial analogs

for such a suite of facies and surface

processes include interdune depressions

A B

Fig. 5. (A) MI image of a spherule impinging into a vug (red arrow) in El Capitan. Scale across
image is È12 mm (image ID 1M130762242). (B) MI image of a spherule crosscutting a vug (red
arrow) in a portion of El Capitan that was exposed by the RAT. Scale across image is È12 mm (image
ID 1M131212783).
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(27), playa lakes (28), and sabkhas adjacent to

marginal seaways (29).

Our elemental and mineralogic data sug-

gest that the sedimentary rocks are, by weight,

È50% fine-grained siliciclastic materials de-

rived from basaltic rocks, È40% sulfate min-

erals (including Mg sulfate and jarosite), and

È10% hematite. Primary igneous minerals are

not readily identified in the siliciclastic frac-

tion, suggesting a substantial degree of chem-

ical alteration. The sulfate minerals may have

formed via direct precipitation from water or

within the sediment during early burial. In the

intervals when surface water was present, it

may have been open to the martian atmo-

sphere, but in the absence of unambiguous

wave ripples we cannot rule out the possibil-

ity of an ice cover.

Aqueous and eolian transport of sulfate-

rich sand grains was followed by cementation

by fine-grained material, probably mostly

sulfates and perhaps also hematite. Concre-

tions formed via precipitation of hematite

from groundwater, and tabular mineral grains

(probably sulfates) grew. Subsequent diage-

netic events included local recrystallization of

cements and dissolution of the soluble mineral

grains to form vugs. All of these processes

were followed after an unknown time interval

by the formation of Eagle crater itself, ex-

posing the sedimentary rocks and causing

much of the observed brecciation.

It is noteworthy that the environmental

conditions recorded at Eagle crater may have

prevailed over a large area. All of the bedrock

observed during Opportunity_s traverse to

Endurance crater, more than half a kilometer

from the landing site, showed the same

characteristics as the outcrop in Eagle crater

(1). More important, orbital data from the

Mars Orbiter Camera show that a relatively

high-albedo unit that correlates with the

outcrop exposures near the Opportunity

landing site is at least discontinuously present

across most of Meridiani Planum. It seems

likely, then, that the area over which these

aqueous sedimentary and diagenetic processes

operated was at least tens of thousands of

square kilometers in size.

The timing and duration of aqueous pro-

cesses at Meridiani are more difficult to deter-

mine. The crater size frequency distributions

for the Meridiani plains suggest a complex

history of crater production and removal (30),

compromising our ability to extract useful ages

from crater abundances. An upper bound on

the age can be derived from analyses of

orbital images showing that the Meridiani

plains materials disconformably overlie

dissected Middle to Late Noachian cratered

terrains (31), which suggests that the rocks in

Eagle crater could be as much as several

billion years old. Nothing in our observa-

tions at Eagle crater places useful bounds on

the duration of aqueous activity at Meridiani.

Implications. Liquid water, which our

results show was once abundant at Meridiani

Planum, is widely viewed as a key prerequisite

for life. Therefore, we infer that surface con-

ditions at Meridiani may have been habitable

for some period of time in martian history.

The recorded environmental conditions,

however, would have posed at least two kinds

of challenges to development of martian

biology. One set of challenges deals with

water chemistry. Mineral assemblages similar

to those in Eagle crater are found on Earth.

Commonly these are associated with mine

drainage, but in some cases, notably the Rio

Tinto basin in Spain (32), mineral deposition

predates mining activity. Precipitating waters

tend to be acidic, sometimes strongly so. In

addition, in the saline waters suggested by

Meridiani geology, water activity could

have been at least episodically prohibitive.

High acidity and salinity do not pose

insurmountable challenges to microbial life

on Earth. Acidic waters can support a phylo-

genetically wide array of bacteria and micro-

scopic eukaryotes (33, 34); microorganisms

can also accommodate to both short-term

desiccation and (within limits) persistent hy-

persalinity (35). Such organisms, however,

belong to specialized populations that have

evolved to survive in highly acidic or saline

environments. It is less clear that such con-

ditions are suitable for the kinds of prebiotic

chemical reactions commonly invoked to ex-

plain the origin of life.

A second class of challenges to biology at

Meridiani deals with the persistence of

water. The rocks at Eagle crater expose tens

of centimeters of sulfate-rich stratigraphy. At

nearby Endurance crater, the exposed thick-

ness of similar rocks approaches 10 m.

Despite this substantial thickness, the appar-

ent prevalence of sulfate-cemented eolian

sands suggest that water on Meridiani Planum

may have been regionally extensive but

temporally discontinuous, increasing the dif-

ficulty of biological persistence over long

time intervals.

We cannot determine whether life was

present or even possible in the waters at

Meridiani, but it is clear that by the time the

sedimentary rocks in Eagle crater were de-

posited, Mars and Earth had already gone

down different environmental paths. Sample

return of Meridiani rocks might well pro-

vide more certainty regarding whether life

developed on Mars. Sulfate deposits are

known to preserve both chemical and

morphological fossils (36), and iron oxide

precipitates at Rio Tinto contain beautifully

preserved fossils, including minute fossils of

coccoid and filamentous microorganisms

(37). Meridiani Planum therefore can be

considered an attractive candidate for fur-

ther study, both by landed missions and by

sample return.
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